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Abstract 

Ischemic stroke is a leading cause of adult death and disability worldwide. However, 

current ischemic stroke drug treatments remain inadequate. Due to the severity of the ischemic 

stroke, there is an urgent need to develop effective drug delivery systems with better temporal 

and spatial controls of drug releases. We propose delivering antioxidant drugs, with temporal and 

spatial controls, via polymeric microcarriers for directly injection to the stroke lesion and via 

polymeric nanocarriers for an easier and less invasive intravenously injection. The delivered 

antioxidants that released from the polymeric micro/nanoparticles will scavenge reactive oxygen 

species (ROS) generated after ischemic stroke. In the thesis, we discuss the loadings and release 

profiles of antioxidants encapsulated polymeric microparticles (MPs) (single-wall and core-shell 

(in theory, the shell phase could act as a diffusive barrier to avoid the burst release of the drug 

encapsulated in the core phase and to support the sustained release) MPs) and dynamic light 

scattering (DLS) sizes of single-wall MPs sizes. We also focus on the antioxidant encapsulated 

polymeric nanoparticles (NPs) in this thesis. NPs were fabricated via nanoprecipitation and the 

sizes were measured by DLS. We control nanoparticle size via polymer concentration and 

molecular weight with our smallest untargeted antioxidant nanoparticles having a 106.52+/- 0.40 

nm diameter. This size provides the potential for surface modification while maintaining a 

~200nm target size limit. The reconstituted NPs with preserved sizes after freeze-drying steps 

could be achieved by adding appropriate concentration of sucrose, a cryo/lyoprotectant, before 

lyophilizations.
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Introduction 

Ischemic stroke is a severe disease that arise from the blockage of brain blood vessel and 

is a leading cause of worldwide adult death and disability. Ischemic stroke could cause people 

death every 3.5 minutes in the United States 1. Within a few minutes of ischemic stroke, loss of 

blood supply can lead to permanent impairment of brain tissue 2. The levels of ROS rapidly 

increase immediately after ischemic stroke, which results in the first burst of ROS generation and 

damage to DNA, proteins, and lipids. Additionally, when the blood supply returns to the tissue, a 

second burst of ROS generation occurs, which leads to reperfusion injury. These two rapid ROS 

generations overwhelm the antioxidant defenses in the brain and cause cell injury and death in 

the central nervous system (CNS) 3. Thus, antioxidant drug delivery has the potential for 

ischemic stroke treatment. 

In Chapter 1, we are introducing a core-shell micro-drug delivery system, encapsulating a 

hydrophobic antioxidant Bpin-disulfide prodrug-N-acetyl cysteine (BDP-NAC) in the core 

phase, for the sustained release of the drug. Add a shell layer could help to prevent the burst 

release of the core-encapsulated drug. Chapter 2 discuss an antioxidant N-acetylcysteine (NAC) 

micro-drug delivery system, using a modified double emulsion (water-in-oil-in-water) 

fabrication method, to improve loadings and characterize the properties of MPs for further 

studies (e.g. animal studies). Chapter 3 introduce the concept of nano-drug delivery system and 

discuss their advantages, potential challenges, common fabrication methods. This chapter also 

discuss brain drug delivery, ischemic stroke pathophysiology, up-to-date FDA-approved 

ischemic stroke treatments and their limitations, blood-brain barrier (BBB) crossing approaches, 

and stimuli-responsive polymeric nanocarriers. In Chapter 4, we are interested in developing an 

antioxidant BDP-NAC nano-drug delivery system, with intravenously route application, that 

could cross the BBB and target to the stroke affected site with targeting ligands surface 

modifications. 
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Chapter 1 

Design of an antioxidant core-shell polymeric micro-drug delivery system for 

ischemic stroke treatment

1.1 Introduction 

Ischemic stroke is a leading cause of adult death and disability worldwide that arises from 

the blockage of the blood vessel in the brain. Within a few minutes, the brain cells begin to die 

due to oxygen deprivation, resulting in permanent impairment or death 2. Every 3.5 minutes, 

someone dies from stroke in the United States 1. ROS are elevated after ischemic stroke 3. The 

rapid increases of ROS after ischemic stroke produces oxidative stress and overwhelm the 

antioxidant defenses in the brain, which can lead cell apoptosis and cell death in the CNS, 

especially oligodendrocyte progenitor cells (OPCs). NAC is a small hydrophilic molecule that 

has both direct and indirect antioxidant properties. It has a free thiol group that can direct react 

with ROS. Also, NAC is a precursor of body’s master antioxidant glutathione (GSH), which has 

future indirect antioxidant effect 4. BDP-NAC, a small hydrophobic NAC prodrug, has a reduced 

burst release and a longer release time, more reduction potential compared to traditional NAC, 

and has antioxidant activity only under oxidative stress by generating persulfide NAC-SSH from 

BDP-NAC 5. Thus, it’s promising to design a drug delivery system that encapsulates with the 

antioxidant prodrug BDP-NAC, to relieve the OPCs from oxidative stress during the progression 

of ischemic stroke. 

In this work, we are interested in developing a micro-drug delivery system that can be 

directly injected into the stroke lesion with controlled release. Thus, we developed a core-shell 

micro-drug delivery system encapsulated BDP-NAC using poly(lactic-co-glycolic acid) (PLGA) 

and poly-L-lactic acid (PLLA). Both PLGA and PLLA are FDA-approved biodegradable 

polymers that have highly controlled release and consistent degradation properties 6,7. The shell 

phase of the core-shell drug delivery system can provide the diffusive barrier to the core-

encapsulated drug, which decrease the burst release and increase the duration of release. 

1.2 Materials and methods 

1.2.1 BDP-NAC loaded core-shell microparticle fabrication 
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BDP-NAC fluorescent core-shell microparticles were fabricated via oil-in-oil-in-water      

double emulsion. 50:50 lactide: glycolide (50:50) 1.15 inherent viscosity (IV), 50:50 0.59IV 

PLGA and 100:0 1.16IV PLLA polymers were used during core-shell microparticles 

fabrication. 50:50 fluorescent PLGA-Fluorescein (FL) (Mn 20,000-40,000 Da) and PLLA-

FPR648 (Mw~40,000Da) were the fluorescent polymers that used in core-shell 

microparticles fabrication and those fluorescent polymers are 1 in 25 dilution with regular 

PLGA/PLLA polymers. Briefly, PLLA was dissolved in dichloromethane (DCM) at a 

concentration of 200mg/ml in a glass test tube (0.5ml DCM for “1:1 PLGA: PLLA, 20 wt% 

PLGA” and “2:1 PLGA: PLLA, 20 wt% PLGA, 300rpm”; 0.4ml DCM for “2:1 PLGA: 

PLLA, 10 wt% PLGA, 500rpm”; 0.25ml DCM for “2:1 PLGA: PLLA, 20 wt% PLGA, 

900rpm”) . PLGA was dissolved in appropriate volume of DCM based on the PLGA:PLLA 

ratio in another glass test tube at desired concentration (e.g. 200mg PLLA/ml DCM for 20 

wt% PLLA). 10wt% BDP-NAC was then dissolved in PLLA oil phase by sonication. Then, 

transfer PLGA solution to PLLA phase with Pasteur pipette, sonicate 10 sec twice with 10-

sec break on ice at 90% amplitude to form O/O emulsion. Next, add 1ml 0.5% polyvinyl 

alcohol (PVA) /100mg polymer to the O/O emulsion, slowly alongside the wall of the tube. 

Sonicate 20 sec twice with 10-sec break on ice at 90% amplitude to form O/O/W emulsion 

and pour the solution into stirring 50ml 0.5% PVA /100mg polymer. Stir at 900rpm (or 

500rpm, or 300rpm) for four hours for solvent evaporation. Next, collect particle suspension 

into 50ml conical centrifuge tubes and centrifuge 5 min at 10000rpm and 4°C. Then, wash 

the particles by discarding the supernatant and resuspending the particles with 40ml 

deionized (DI) water by vortexing. Centrifuge again at 10000rpm and 4°C for 5 min. Repeat 

this wash step one more time. Discard the supernatant and add 10ml of DI water to 

resuspend the particles via vortexing. Freeze the particles at -80°C overnight and then 

lyophilize for 3 days. The dry particles were stored at -20°C. 

1.2.2 BDP-NAC load measurement 

First, weight 2mg MPs and add 1ml of DCM to the MPs. Incubate at 37°C to fully dissolve 

the polymers. Prepare BDP-NAC in DMSO standards that range from 0 to 1mg BDP-

NAP/ml DCM. Measure the load, with a UV-transparent 96-well plate, at absorbance of 
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250nm on a plate reader. The encapsulation efficiency of BDP-NAC is defined as the 

percentage of actual load of BDP-NAC relative to the theoretical load of BDP-NAC.  

1.2.3 BDP-NAC release study assessment 

To get the BDP-NAC release profiles over time, 10mg/ml of particles were suspended in 

phosphate-buffered saline (PBS) solution in Eppendorf tubes and incubated at 37°C. At 

desired time, centrifuge the particle suspensions at 10000rpm for 10mins. The supernatants 

were transferred to new Eppendorf tubes and stored at -20°C. Fresh PBS solutions were 

added to particles at the concentration of 10mg/ml to resuspend the particles. Then, the 

particle suspensions were incubated at 37°C. The release of BDP-NAC over time can be 

measured at absorbance of 250nm on a plate reader with a UV-transparent 96-well plate. 

1.2.3 Statistical analysis 

All errors bars are the standard error of the mean. Unpaired, two-tailed t-test was to 

determine the statistical significance between two conditions.  

1.3 Results and Discussion 

1.3.1 Loads and release profiles of BDP-NAC Encapsulated Fluorescent PLGA/PLLA Core-

shell MPs 

Five batches of microparticles with different PLGA: PLLA ratios, wt% PLGA, solvent 

evaporation stirring rates were prepared as shown in Figure 1-1 and Figure 1-2. BDP-NAC was 

encapsulated in PLLA phases. The theoretical load of BDP-NAC 100μg/mg. Thus, the 

encapsulation efficiencies (or loads (ug/ml)) of BDP-NAC for “0:1 PLGA:PLLA, 20 wt% 

PLGA, 900rpm”, “1:1 PLGA:PLLA, 20 wt% PLGA, 900rpm”, “2:1 PLGA:PLLA, 20 wt% 

PLGA, 900rpm”, “2:1 PLGA:PLLA, 10 wt% PLGA, 500rpm” and  “2:1 PLGA:PLLA, 20 wt% 

PLGA, 300rpm” MPs are 34.76 +/- 1.94 % (or 34.76 +/- 1.94 ug/mg), 44.52 +/- 1.70 % (or 44.52 

+/- 1.70 ug/mg), 89.01 +/- 2.32 % (or 89.01 +/- 2.32 ug/mg), 64.24 +/- 6.23 % (or 64.24 +/- 6.23 

ug/mg) and 44.27 +/- 2.05 % (or 44.27 +/- 2.05 ug/mg), respectively (Figure 1-1). At day 7, the 

totals of 43.85 +/- 3.37 %, 63.59 +/- 3.41 %, 18.08 +/- 1.29 %, 23.17 +/- 1.74 % and 42.30 +/- 

2.27 % of BDP-NAC were released from “0:1 PLGA:PLLA, 20 wt% PLGA, 900rpm”, “1:1 

PLGA:PLLA, 20 wt% PLGA, 900rpm”, “2:1 PLGA:PLLA, 20 wt% PLGA, 900rpm”, “2:1 
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PLGA:PLLA, 10 wt% PLGA, 500rpm” and  “2:1 PLGA:PLLA, 20 wt% PLGA, 300rpm” MPs, 

respectively (Figure 1-2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1. Loads or Encapsulation Efficiencies of BDP-NAC Encapsulated Core-shell MPs. 
900rpm, 500rpm and 300rpm refer to the stirring rates during solvent evaporation step of MPs 
fabrication. * represents p<0.05 from unpaired, two-tail t-test. 

Figure 1-2. Release profiles of BDP-NAC Encapsulated Core-shell MPs. 900rpm, 500rpm 
and 300rpm refer to the stirring rates during solvent evaporation step of MPs fabrication.   
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The goal for this core-shell MPs work is to encapsulate BDP-NAC in the core phase to 

have a sustained release of BDP-NAC. PLGA is more hydrophilic than PLLA due to the 

glycolide presented in PLGA, in theory, PLLA will move to core phase and BDP-NAC is 

hydrophobic so it likes the PLLA phase. Thus, BDP-NAC in the PLLA core phase will release 

slower than single-wall MPs. However, if in practice the PLLA ended up in the shell phase with 

various reasons (e.g. the formation of PLLL core/PLGA shell structure hindered by the high 

viscosity of polymer concentrations), the release rate of BDP-NAC will be faster than single-wall 

MPs. Thus, the release profiles of BDP-NAC core-shell MPs is highly dependent on their 

structures. Previous work from our lab done by Nicholas P. Murphy, Ph.D. shows the structures 

of 1:1 PLGA: PLLA and 2:1 PLGA: PLLA MPs from confocal images. From Figure 1-2, “1:1 

PLGA: PLLA, 20 wt% PLGA, 900 rpm” MPs had the highest burst release and cumulative 

release at 7 day in percentage compared to other core-shell and single wall MPs, which was 

consistent with their structures that some showed incomplete encapsulation and some other had 

PLLA shells (Nicholas P. Murphy, Ph.D.). Moreover, their sizes/structures are heterogenous 

(Nicholas P. Murphy, Ph.D.), which make them unqualified for the controlled releases purposes. 

The “2:1 PLGA: PLLA, 20 wt% PLGA, 300rpm” showed a middle cumulative release rate at 7 

day and its release profile is similar as the “0:1 PLGA:PLLA, 20 wt% PLGA, 900rpm” (single-

wall) MPs. The “2:1 PLGA: PLLA, 20 wt% PLGA, 300rpm” MPs from confocal images showed 

PLLA shells and some PLLA clusters disturbed across the PLGA (Nicholas P. Murphy, Ph.D.). 

The presence of PLLA shells (favor faster release than single-wall MPs) and PLLA clusters in 

PLGA (favor slower release than single-wall MPs) may balance out, which resulted in a similar 

effect to the release profile as the single-wall MPs. The “2:1 PLGA: PLLA, 20 wt% PLGA, 

900rpm” MPs had the slowest cumulative release rate at 7 day, and from Figure 1-1, those MPs 

also had the highest encapsulation efficiency at a significance level of 0.05. Their slowest release 

profile consistent with their structures that some of them (with larger size, the sizes of MPs are 

heterogenous) had PLLA clusters in PLGA, without a PLLA shell (Nicholas P. Murphy, Ph.D.). 

The MPs that contribute to the slowest release profile are too large (>25μm, Nicholas P. Murphy, 

Ph.D.) that they are not suitable for injection and cell studies. From Figure 1-1 and Figure 1-2, 

“2:1 PLGA: PLLA, 10 wt% PLGA, 500 rpm” MPs had similar release profile as the “2:1 PLGA: 

PLLA, 20 wt% PLGA, 900rpm” MPs and the second highest encapsulation efficiency. Lowering 

the wt% of PLGA decreases its viscosity, which could drive the formation of PLLA core/PLGA 
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shell structure. The slow release of the “2:1 PLGA: PLLA, 10 wt% PLGA, 500 rpm” MPs 

consistent with their very thin PLLA shell with PLLA clusters in PLGA structures (Nicholas P. 

Murphy, Ph.D.). Thus, their slow release and high encapsulation efficiency, in conjugation with 

their homogenous structure and relatively small size (Nicholas P. Murphy, Ph.D.), the “2:1 

PLGA: PLLA, 10 wt% PLGA, 500 rpm” is most ideal among all other MPs in Figure 1-1 and 

Figure 1-2.   

1.4 Conclusions 

In summary, we could get ideal slow-release of BDP-NAC and high encapsulation 

efficiency with 2:1 PLGA: PLLA ratio, low wt% in PLGA, and medium level of solvent 

evaporation stirring rate. The effects of solvent evaporation stirring rate to MPs structure 

formation is unclear since the structure should form during the O/O/W emulsion step, which is 

before the step of solvent evaporation. However, there are some invasiveness of direct injection 

of MPs to the stroke lesion of the patients especially their brain functions were already 

compromised. Thus, we proposed to design an antioxidant nano-drug delivery system for 

intravenously injection to minimize invasiveness (Chapter 4).  
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Chapter 2 

Design of an antioxidant polymeric micro-drug delivery system for ischemic 

stroke treatment

2.1 Introduction 

Ischemic stroke, a disease due to the brain blood vessel blockage, is a leading cause of 

adult death and disability worldwide and could cause irreversible damage of the brain tissue only 

a few minutes after ischemic stroke 1. The elevated level of ROS after ischemic stroke evoke 

oxidative stress and defeat the brain’s native antioxidant defenses, which could injury the cells in 

CNS and cause necrosis 2. NAC, a small and cheap hydrophilic molecule with a free thiol group, 

could scavenge the ROS efficiently. NAC is also a GSH (our native body antioxidant) precursor, 

which add another layer of antioxidant ability 3.  

However, the hydrophilicity of NAC makes it hard to encapsulate and lead to low load. 

In this work, we are focused on developing a NAC loaded microcarrier with the FDA-approved 

biodegradable, controllable polymer PLGA for direct injection to the ischemic stroke area 

through a modified version of double emulsion technique 4. From this modified fabrication 

technique, NAC is also added to the outer water phase, the solvent evaporation solution the and 

the washing solution, which protect the NAC loss due to the diffusion by minimizing the 

concentration gradients.  

2.2 Materials and methods 

2.2.1 NAC loaded microparticle fabrication 

A modified version of water-in-oil-in-water double emulsion were used to fabricate NAC 

microparticles (MPs) 5 (Figure 2-1). Four different PLGA formulations with varied lactide: 

glycolide ratio and inherent viscosity (IV), 50:50 lactide: glycolide (50:50) 0.55-0.75 IV 

PLGA, 50:50 0.95-1.20IV PLGA, 85:15 0.66IV PLGA and 100:0 0.67IV PLLA polymers 

were used to fabricate MPs and to further assess the MPs properties with varied PLGA 

formulations . First, dissolve PLGA at a concertation of 150mg/ml in 2ml of DCM in a glass 

test tube. Next, prepare NAC solution in DI water at 100mg/ml and add 100ul to the PLGA 
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solution in dropwise. Sonicate 10 sec on ice at 90% amplitude twice, with a 10-break in 

between. W/O emulsion is formed. Then, slowly add 3ml of 3.33% NAC/ml 1% PVA to the 

W/O emulsion along the wall. To form W/O/W emulsion between W/O emulsion and outer 

aqueous phase, sonicate the solution 10 sec twice on ice, with a 10-sec break, at 90% 

amplitude. Pour W/O/W emulsion into 75ml of stirring 5% NAC/ml 0.3% PVA solution. 

Stir 4 hours at 300rpm for solvent evaporation. After solvent evaporation, collect the 

particles and centrifuge at 10000rpm for 5 mins at 4°C. Discard the supernatant and add 

30ml of 2.5% NAC/ml DI water to resuspend the MPs. Centrifuge again for 5 mins at 

10000rpm and 4°C. Repeat one more time of this wash step. Dispose of the supernatant. 

10ml DI water was then added to resuspend the MPs. Put the MPs suspension at -80°C 

overnight for freezing. Then, lyophilize the MPs for 3 days. Store the lyophilized MPs at -

20°C. A empty version of MP was made without adding NAC to inner and outer water 

phase, solvent evaporation stirring solution and washing solution.  

 

 

 

 

 

 

 

2.2.2 Prepare the load and release samples 

To prepare the load samples, weight 5mg MPs to glass vials in triplicate. Add 1ml of DCM 

to each vial and stir for 30 mins at 300rpm with closed lids. Then, add 2ml of 1mM 

ethylenediaminetetraacetic acid (EDTA)/ml phosphate buffered saline (PBS) solution to each 

vial, stir for 15 mins at 300 rpm. The introduction of EDTA is to prevent the metal-catalyzed 

oxidation of NAC thiol groups. Two phases become separated. The top phase is aqueous 

phase, which contains the NAC from liquid-liquid extraction, and the bottom phase is 

Figure 2-1. Schematic of NAC PLGA MPs fabrication via a modified water-in-oil-in-
water double emulsion method. Reproduced from N.P. Murphy, etc. Biotechnol Bioeng. 
2018 Jan;115(1):246-256. 
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organic phase. Take 1ml of aqueous phase to Eppendorf tube for the NAC load 

measurement. 

To get the release samples, weight 10mg MPs to each Eppendorf tube and add 1ml of 1mM 

EDTA/PBS solution to them. Mix the MPs well and incubate the samples at 37°C. At each 

desired time point, centrifuge the samples for 10mins at 10000rpm. Prepare new Eppendorf 

tubes and transfer the supernatants to them. Store the release samples at -20°C. Add 1ml of 

1mM EDTA/PBS to the MPs, resuspend them well, and continue incubating at 37°C. 

2.2.3 NAC content measurement of load and releases samples 

To measure the NAC content that contained in load and release samples, first prepare the 

reagent solution by dissolving 4mg/ml 5,5'-Dithiobis(2-nitrobenzoic acid) (DNTB) 

(Ellman’s reagent), together with 0.1 M sodium phosphate monobasic and 1mM EDTA, in 

DI water. Adjust the pH to ~8. Then prepare the NAC standard from 0 -1000 μM in 1mM 

EDTA/PBS solution. Dilute the samples if necessary. Then, the NAC loads and releases 

could be measured at absorbance of 412nm with a clear 96-well plate on plate reader. 

2.2.4 pH measurement of MPs 

The pHs of both NAC and empty MPs were measured with a pH meter. Calibrate the pH 

probe with pH calibration solutions before measuring the samples.   

2.2.5 NAC MPs size measurement 

NAC MPs size distribution were measured on a Zetasizer Ultra. Prepare the samples at 

2mg/ml concentration in DI water (without buffers). The temperatures setting for the size 

distribution measurement is 25 °C. For the measurement, set the dispersant viscosity at 

0.8872 cp and the dispersant refractive index at 1.33, respectively.  

2.2.6 Statistical analysis 

All errors bars are the standard error of the mean. To determine the statistical significance 

among more than two groups, one-way or two-way ANOVA test was applied.  

2.3 Results and Discussion 

2.3.1 NAC Encapsulated MPs loads and release profiles 
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Figure 2-2 and Figure 2-3 shows the encapsulation efficiencies and release profiles of 

“50:50 0.55-0.75IV, 100mg/ml”, “50:50 0.95-1.20IV, 100mg/ml”, “85:15 0.66IV, 100mg/ml” 

and “100:0 0.67IV, 100mg/ml” NAC MPs, respectively. The encapsulation efficiencies for 

“50:50 0.55-0.75IV, 100mg/ml”, “50:50 0.95-1.20IV, 100mg/ml”, “85:15 0.66IV, 100mg/ml” 

and “100:0 0.67IV, 100mg/ml” MPs are 117.11 +/- 18.94 %, 133.73 +/- 42.07 %, 107.23 +/- 

9.60 %, and 133.49 +/- 5.03 %, respectively, which are at a similar level regardless the PLGA 

formulations (Figure 2-2). However, it is worth to noted that even though the variances of 

measured loadings are decent during one single measurement (e.g, prepare loads samples for all 

batches and measure them together on day 1), the variance are large between different repetitions 

(e.g. repeat the load preparation and measure again on day 2, the results deviate from day 1). 

Thus, other loading samples preparation and/or measurement methods, for example, acid and 

base PLGA MPs degradation and/or high-performance liquid chromatography (HPLC), need to 

apply to affirm the load results. Moreover, the efficiency of NAC extraction from organic phase 

to aqueous phase during liquid-liquid extraction process need to be further assessed, since the 

inefficiency of NAC extraction could contribute to loading results inconsistency.   

 

 

 

 

 

 

 

 

From Figure 2-3, the cumulative releases at day 36 is 36.32 +/- 4.08 %, 41.21 +/- 

7.22 %, 65.77 +/- 6.49 %, and 49.08 +/- 4.44 % of loadings for “50:50 0.55-0.75IV, 100mg/ml”, 

“50:50 0.95-1.20IV, 100mg/ml”, “85:15 0.66IV, 100mg/ml” and “100:0 0.67IV, 100mg/ml” 

MPs, respectively. However, there is almost no NAC release that could be measured after day 1 

Figure 2-2. Encapsulation Efficiencies of NAC Encapsulated MPs.  
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(even stop detecting NAC in hours (e.g., couldn’t detect NAC after 4 hours and 7 hours for 

“50:50 0.55-0.75IV, 100mg/ml” and “50:50 0.95-1.20IV, 100mg/ml” MPs, respectively)). Thus, 

there are gaps between the NAC loadings and detectable NAC releases which may be due to the 

loss of EDTA activity. There could be trace amounts of heavy metal ions presented in PBS, and 

the EDTA could protect the thiol groups of NAC from metal-catalyzed oxidation. Since the loads 

measurements were done immediate after load samples preparation, we may neglect the effect of 

EDTA activity loss (not true for release samples because of the time span of each release study). 

Thus, another around of MPs fabrications with new EDTA is needed to assess the NAC releases 

from MPs. 

 

 

 

 

 

 

 

 

2.3.2. pHs of NAC and empty MPs 

 

 

 

   

  

 

 

Figure 2-3. Release profiles of NAC Encapsulated MPs  

(A) (B) 

Figure 2-4. pHs for NAC and empty MPs (A) pHs of NAC MPs over 36 days. (B) pHs of 
empty MPs over 36 days 
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Figure 2-4 shows the pHs of NAC MPs (Figure 2-4A) and empty MPs (Figure 2-4B). 

Both NAC MPs with 50: 50 lactide (L): glycolide (G) ratio became acidic at and after day 7, and 

for the two empty (label as “PLGA formulation, 0mg/ml”) MPs with 50: 50 L:G ratios, they 

became acidic at day 14. For all MPs with 85: 15 L:G ratio and 100: 0 L:G ratio, they stayed at 

~7 for 36 days. This lowering in pH in 50:50 MPs could be due to the degradation products of 

the polymer (lactic and glycolic acids), which consistent of the lower L:G ratio would degrade 

faster. This could also indicate the effect of L:G ratio to PLGA degradation rates is larger than 

the IV effect (high IV will degrade slower). At 2h, the pHs for NAC MPs are around 6.5, while 

the pHs for empty MPs at 2h are around 7. This could result from the carboxylic acid group of 

NAC. It is worth to noted that from day 7 to day 28 time points, the release samples of 50:50 

NAC MPs are more acidic than 50:50 empty PLGA, which could imply there are NAC presented 

in those release samples. The detection of the NAC is based on thiol group, which could be 

affected by metal-catalyzed oxidation (PBS could contains minute traces of heavy metal ions). 

However, the carboxylic acid group wouldn’t be affected regardless the present or absent of 

EDTA. Even though the pHs for all 85:15 and 100:0 MPs are ~7, this could because the effect of 

NAC to the pH is relatively small and it is still in the buffer range of PBS. For 50:50 release 

samples, they were out of PBS buffer range for later time points due to polymer degradation, 

thus the NAC effect on the pH could be observed.  

2.3.3. Sizes of NAC and empty MPs 

 

 

 

 

 

 

 

 Figure 2-5. DLS average sizes of NAC (100mg/ml) and empty (0mg/ml) MPs 
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To examine the effects of factors, NAC encapsulating and PLGA formulation, on MPs 

average sizes, the average sizes of NAC and empty MPs were obtained through DLS (Figure 2-

5). The average sizes for NAC MPs are significantly larger than the average sizes of empty MPs. 

The standard deviations of NAC MPs are also larger than that of the empty MPs. However, the 

larger sizes and standard deviations in NAC MPs could potentially come from the measurements 

of NAC clusters since the loadings of those MPs are high and their release rates are fast. By 

performing a two-way ANOVA, it was found that the PLGA formulation doesn’t have main 

effects on size while the encapsulation of NAC has a main effect on the size at a significance 

level of 0.05. However, there is an interaction between PLGA formulation and NAC 

encapsulation. Then, two one-way ANOVA tests were performed for the PLGA formulation on 

NAC MPs size and the empty MPs size, respectively. For the NAC MPs, there is no main effect 

of PLGA formulation on the MPs size. However, there is a main effect of PLGA formulation on 

empty MPs at a significance level of 0.05, which means encapsulating NAC will make the 

PLGA formulation effect insignificant for controlling the sizes.  

2.4 Conclusions 

In summary, we could fabricate the MPs with high loadings with modified double 

emulsion method. However, the accuracy of the load results needs to be further assessed. The 

release profiles of the MPs show gaps between loading and measurable NAC in the release 

samples. Another round of fabrication of MPs with new EDTA is needed to affirm the release 

studies. The pH of 50:50 NAC and empty MPs became acidic over time, which is consistent of 

the degradation is faster for low L: G ratio. 50:50 NAC MPs are more acidic than 50:50 empty 

MPs from day 7 to day 28 release samples, which could imply the present of NAC in those MPs. 

Encalpusting NAC will increase the sizes and standard deviations of the MPs, and for the NAC 

MPs, the PLGA formulation don’t have statistically significant effect on the MP size.  
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Chapter 3 

Multifunctional polymeric nanocarriers for targeted brain delivery 

The manuscript was submitted to Engineering Biomaterials for Neural Applications, June 2022 

3.1. Introduction  

3.1.1 Drug delivery to the brain 

The human brain is central, not only to normal biological function, but also to personal 

identity. Diseases and injuries to the brain can erase this sense of self. Delivering drugs to the 

brain is a critical challenge in addressing diseases and injuries that degrade human interaction. 

While delivering drugs to the brain can play a role in addressing a host of degenerative diseases 

of the central nervous system diseases like Alzheimer’s disease (AD), Parkinson’s disease (PD), 

multiple sclerosis (MS), and amyotrophic lateral sclerosis (ALS), it is perhaps closer to being 

broadly clinically realized in the context of acute injuries or attacks. The subsequent review 

examines polymeric nanocarriers as a means to deliver drugs to the brain, while using ischemic 

stroke as a specific example of an application (Figure 3-1). The explicit intravenous nature of 

ischemic stroke provides an opportunity to illustrate some of the opportunities and limits of 

nanocarrier drug delivery. 

 

 

 

 

 

 

 

 

 Figure 3-1. Ischemic core and penumbra formation after artery blockage. The ischemic core is 
the irreversibly damaged brain area that undergoes necrosis and cannot not be further salvaged. The 
penumbra is the tissue surrounding the ischemic core that undergoes subsequent apoptosis and may 
still be salvageable. Reprinted from “Reversible vs. Irreversible Brain Damage Following an Ischemic 
Stroke”, by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-templates  
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3.1.2 Pathophysiology of ischemic stroke 

 Stroke is the third leading cause of death in the US and 20% of stroke survivors cannot 

walk without help 1,2. Ischemic stroke causes the brain suffering from a transient or permanent 

shortage of blood supply, which leads to oxygen and glucose deprivation of the brain tissue 3,4. 

The downstream effects of ischemia manifest at the molecular, cellular, and tissue scale over the 

course of minutes to weeks (Figure 3-2). The lack of oxygen and glucose supply to the brain 

quickly exhaust ATP, depleting energy stores. The energy failure of the brain impairs the 

function of ATP-dependent Na+/K+-ATPase, which leads to Na+ influx and membrane 

depolarization of the neuron 5. This membrane depolarization activates the presynaptic voltage-

sensitive Ca2+ channels, and the extracellular Ca2+ then flows into the presynaptic neuron. The 

sudden influx of extracellular Ca2+ releases excitatory amino acids, such as glutamate, to the 

extracellular matrix 3,4. Besides the glutamate released due to the calcium influx, the membrane 

depolarization also could release the glutamate from presynaptic neuron 5. In the meantime, the 

glutamate presynaptic reuptake is hindered due to energy failure, which exacerbates the 

glutamate accumulation in the extracellular matrix 4. Consequently, the up-regulated 

extracellular glutamate activates N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptors, causing influxes of Ca2+ and Na+ to the 

postsynaptic neuron 3–6. The overflow of calcium ions bind and activate phospholipase and 

calpain protease by conformational change, which degrades cell membrane and proteins and lead 

to necrosis within the ischemic core 5. Following Na+ influx and membrane depolarization, the 

voltage-gated Cl- channel is activated and then the Cl- flows into the neuron down its 

concentration gradient 4,7. The net increase of NaCl concentration increase the osmolarity inside 

the neuron, and water then flows passively to the neuron by osmosis, resulting in cell swelling 

and cytotoxic cerebral edema, which is the earliest marker of ischemic stroke pathophysiology. 

The beneficial effects of drugs that targeting early event of ischemic stroke, such as NMDA and 

AMPA receptors antagonist, Ca2+ channel blockers, are very limited to stroke patients due to 

their extremely narrow therapeutic windows, usually within minutes 8,9.  
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The oxidative stress due to production of free radicals during ischemic stroke is an 

important marker for its pathophysiology. The brain is particularly vulnerable to oxidative stress 

because of its high polyunsaturated fatty acids contents, high demand of oxygen, scarce resource 

of antioxidants and high amount of iron cations Fe2+ 10. There are three phases of reactive 

oxygen species (ROS) generations during ischemic stroke. The first and second phases of ROS 

generation happen immediately after ischemic onset and the third phase of ROS was generated 

after reperfusion 11. During hypoxia, failure of the mitochondrial respiratory chain due to oxygen 

and glucose deprivation results in the first phase of reactive oxygen species (ROS) generation. 

The ATP depletion during hypoxia inside the cells activates xanthine oxidase (XO), which leads 

to second phase of ROS generation. In the meantime, the influx of Ca2+ to the postsynaptic 

neuron during hypoxia activates Ca2+-stimulated enzymes cyclooxygenase (COX), which further 

generates ROS and exacerbates oxidative stress 3,4.  The third phase of ROS released when the 

blood supply returns to the brain tissue 11. This reoxygenation, coupled with glutamate-induced 

high intracellular Ca2+ level, activates the NADPH oxidase that located in the mitochondria and 

cell membrane, leading to third phase of ROS generation. The main products during these three 

phases of ROS generations are superoxide (O2-) and hydrogen peroxide (H2O2), and superoxide 

is easily converted to hydrogen peroxide by superoxide dismutases (SODs) 12. Due to the high 

amount of Fe2+ of the brain, H2O2 will decompose into extremely reactive hydroxyl radicals 

(OH.). Hydroxyl radicals then lead to irreversible peroxidation of polyunsaturated fatty acids and 

Figure 3-2. Pathophysiological cascades in ischemic tissue.  At the early stage after ischemic stroke, 
excitotoxicity and necrosis occur in the ischemic core. In the penumbra that surrounds the ischemic 
core, Inflammation and apoptosis occur with a delayed timeframe. Eventually, necrosis leads to the 
development of fluid-filled cavity, over the course of days to weeks. The x-axis is the time after an 
ischemic stroke blockage. Created with BioRender.com. 
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protein and DNA damage. These three phases of ROS generations overwhelm the antioxidant 

defenses and cause necrosis and apoptosis in the brain 13. 

The penumbra is the region that surrounding the ischemic core with reduced but nonzero 

blood supply 9. Unlike cell death in the ischemic core, which is predominantly due to necrosis 

and occurs within minutes after ischemic stroke onset, the relatively delayed apoptosis and 

neuroinflammation mainly account for the damage of the tissue in the penumbra region 6,8,14. 

Thus, the cells in the penumbra are still potential salvageable 15. The ROS generated in the 

mitochondria during hypoxia and reperfusion signals cytochrome C release, which triggers 

mitochondrial apoptosis 11,13. Additionally, H2O2 upregulates Fas-Fas ligand, which activates 

caspase-8 and downstream caspase and triggers DNA damage and H2O2-induced apoptosis. 

Although both necrosis and apoptosis are cell death processes which involve DNA damage, the 

apoptosis in the penumbra is more delayed than the necrosis in the core, which provides the 

therapeutic opportunities to salvage the penumbra. The chemokines generated during late 

ischemic event promote neutrophil infiltration, which leads to NO generation via inducible NOS 

(iNOS) 4,8,13. The NO, together with ROS generated during hypoxia and reperfusion, activate 

matrix metalloproteinases (MMPs). The MMPs will degrade the structural protein of blood-brain 

barrier (BBB) and increase paracellular BBB permeability. Fluid in the blood vessel permeates to 

the brain via the leaky BBB, causing the formation of vasogenic cerebral edema. Since the 

impact of the pathological events in the penumbra is delayed and more gradually increases 

compared to the impact in the core, drugs that target penumbra ischemia are promising due to 

their prolonged therapeutic windows 4,6,8. However, any of the molecular pathways involved 

could be potent drug targets in limiting damage and treating ischemic stroke. The delivery 

mechanism of such drugs is a critical engineering and design criteria for controlling their spatial 

and temporal presence. 

 One important factor that deserves attention for future CNS disease treatments is sex. 

Not only are the disease outcomes different on the basis of sex, but the treatment and 

rehabilitation regimens vary as well. An excellent review covers the sex dimorphism in ischemic 

stroke therapies in great detail 16. For instance, minocycline only show significantly 

neuroprotective effects in males, not in females, in both preclinical and clinical stroke studies 
17,18. It is already clear that nanoparticle delivery to injured brain tissue has a sex-dependent 
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temporal profile 19. Thus, when developing future CNS diseases polymeric nanocarrier 

treatments, it is important to include both sexes in preclinical and clinical studies, and with 

sufficient power to examine each group independently. 

3.1.3. Current FDA-approved treatments & limitations 

3.1.3.1 Tissue plasminogen activator (t-PA) 

Tissue plasminogen activator (tPA) is the only the Food and Drug Administration (FDA)-

approved drug treatment for ischemic stroke 20. tPA is a serine protease that activates the 

zymogen plasminogen to become the fibrinolytic enzyme plasmin. Both tPA and plasminogen 

have high affinities to fibrin, a major structural component of blood clots 21,22. The “clot-busting” 

drug tPA is administered intravenously and dissolves the blood clot lodged in an artery during 

ischemic stroke by activating the plasminogen into plasmin, which cleaves the fibrin component 

of the clot (Figure 3-3A). However, tPA treatment (also knowns as IV alteplase) has several 

limitations in clinical use 23. There is some evidence that select patients could benefit from tPA 

treatment up to nine hours after ischemic onset, but the current gold standard for administration 

is within 4.5 hours after ischemic onset 24,25. Thus, despite more than 690,0000 ischemic stroke 

cases occurring in the United States annually, only 2% to 5% of acute ischemic stroke patients 

could benefit from IV alteplase treatment due to the current narrow clinically approved 

therapeutic window 20,26,27. The standard dose of IV alteplase for acute ischemic stroke is 0.9 

mg/kg, with a 90 mg total dose limit 28. IV alteplase is administered to patient via intravenous 

(IV) administration through the arm; 10% of the total dose is administered as an IV bolus dose, 

and the remaining 90% is infused over 60 minutes. These factors of dose and timing illustrate the 

potential for controlled drug delivery and release, which could prevent some of the negative side 

effects of tPA. 
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It’s worth noting that tPA has some severe complications when it is administered to 

patients, such as hypoxia/reperfusion injury, inflammation, edema and hemorrhagic 

transformation 20,29,30. 15% to 27% of patients who received IV alteplase treatment suffered from 

undesired cerebral microbleeds 23.  tPA up-regulates NMDA receptors, causing an influx of Ca2+ 

in neurons and activating Ca2+-stimulated enzymes, including lipase, proteases, nucleases, and 

COX 3,20. 

Activation of those Ca2+-stimulated enzymes induces a hypoxia/reperfusion injury, which 

is associated with a burst of ROS release, cell injury, and cell death. tPA also up-regulates 

Figure 3-3. Current treatments for ischemic stoke. (A) Tissue plasminogen activator (tPA) 
dissolves a blood clot by activating plasminogen to plasmin. The plasmin then degrades the major blot 
clot structural component, fibrin, into soluble fibrin degradation products (FDP). Adapted from 
“Blood Vessel (Straight, Light Background)”, by BioRender.com (2021). Retrieved from 
https://app.biorender.com/biorender-templates. (B) The schematic of a stent retriever for removing the 
blood clot and recanalize the blood vessel. Reproduced from E.I. Levy, etc. AJNR Am J Neuroradiol. 
2007 May; 28(5): 816–822. 
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MMPs, which degrade the tight junctions of the BBB and increase paracellular BBB 

permeability by allowing leakage through the intercellular space between brain endothelial cells 
29. There is also some evidence that shows tPA can, in some cases, prompt bradykinin generation 
30. tPA-induced bradykinin activates both kinin 1 (B1) and kinin 2 (B2) receptors that are up-

regulated during ischemic event, causing the release of intracellular calcium, down-regulating 

the tight junction protein claudin-5, and increasing paracellular BBB permeability. The 

combination of both BBB permeability enhancement effects prompts plasma invasion through 

the leaky BBB to the brain parenchyma, causing a plasma-induced inflammatory response, 

vasogenic cerebral edema, hemorrhagic transformation and brain tissue damage 29,30. 

3.1.3.2 Mechanical thrombectomy 

Mechanical thrombectomy is an endovascular procedure for acute ischemic stroke that 

physically removes the clot 31. This mechanical thrombectomy treatment could recanalize the 

occluded vessel by directly taking out the proximal large-artery blood clot that formed in the 

anterior circulation 32,33 (Figure 3-3B). The therapeutic window for mechanical thrombectomy is 

within 24 hours after stroke onset 23. In clinical settings, a stent retriever device is typically used 

for mechanical thrombectomy surgery 23,34. A stent retriever device resembles a tiny expandable 

metallic cage attached to the end of a microwire. During mechanical thrombectomy surgery, the 

doctor threads the microcatheter through  a groin artery to the clot location in the brain. The 

surgeon then places the stent retriever inside the microcatheter and deploys the stent retriever 

across the thrombus. After the device has fully expanded (3-7 min), the doctor then pulls out the 

device, together with blood clot, from the artery. IV alteplase is often administrated as a 

pretreatment to mechanical thrombectomy surgery to help dissolve the clot and make clot 

retrieval easier 23. This direct clot accessing procedure also provides an opportunity for 

combination therapy as the catheter is already at the local site of the ischemic core. Such access 

by a catheter device may allow highly controlled spatial delivery of drugs molecules and/or 

particles directly to the ischemic site.  

Some limitations and side effects are also associated with the mechanical thrombectomy 

surgery. The patient accessibility to mechanical thrombectomy is relatively low due to 

insufficient resources in the hospital and high expertise requirement 35. Due to the limited 

accessibility, IV alteplase pretreatment becomes extremely important for IV tPA-eligible patients 
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when they need to be transferred to another hospital to get the mechanical thrombectomy surgery 
36. Furthermore, only 19.7% of patients are eligible for mechanical thrombectomy within the 24-

hour therapeutic window 37,38. Mechanical thrombectomy surgery also poses a risk of 

symptomatic intracranial hemorrhage, embolism of blood vessel that are not initially affected, 

and intracranial stenosis 34,39.  

3.2. Advantages and potential challenges of Nano-drug delivery  

Disease and injury treatment, such as that within the brain, frequently require therapeutic 

drugs to address both symptoms and underlying causes. However, delivering these drugs can 

present key challenges in terms of controlling their presence with regard to space and time. 

Localizing drug presentation to specifically affected areas can reduce off target, systemic side 

effects. Controlling the concentration of drug over a period of hours, days, or weeks can reduce 

invasiveness of treatment and increase patient compliance. This is particularly crucial within the 

brain, where direct administration would require direct injections that could compromise healthy 

tissue and cause further damage. These challenges can be readily addressed via state of the art 

drug delivery technology which presents drugs within nanoparticles designed to release their 

payload with a tightly controlled temporal profile and spatial location (Figure 3-4).  

 

 

Figure 3-4. Schematic of different types of nanocarriers commonly used in drug delivery. 
Created with BioRender.com. 
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Nanocarriers, or nano-drug delivery systems, refer to materials with diameters in the 

range of 10-1000 nm 40. The unique properties of nanocarriers impart several advantages for 

drug delivery. Due to its nano-scale size, it is suitable for less invasive, more patient accessible, 

intravenous delivery compared to the microcarrier counterpart. The large surface-area-to-volume 

ratios of nanocarriers allow multivalent surface modifications 41. Such multivalent ligand 

attachment could confer nanocarriers with multiple functions, such as prolonged blood circular 

time and tissue-specific targeting.  

Nanocarriers can controllably deliver both hydrophobic and hydrophilic drugs 41–43. Free 

hydrophobic drugs have low aqueous solubility and may require solvent and/or excipients that 

pose safety risks to the body 44,45. For example, Taxol®, a traditional formulation of paclitaxel, 

requires the excipient Cremophor EL in order to deliver this hydrophobic anticancer drug 46,47. 

Cremophor EL presents potential health concerns, including life-threatening hypersensitivity, 

hyperlipidaemia and erythrocyte aggregation. Nano-drug delivery system could enhance 

hydrophobic drug solubility without introducing the toxic components that have significant 

health concerns. For examples, Abraxane®, a 130 nm diameter nanocarrier formulation of 

paclitaxel, is a FDA-approved anticancer product for delivering paclitaxel 48–50. This paclitaxel 

nanocarrier is made by suspending lyophilized paclitaxel and human albumin in 0.9% sodium 

chloride solution and inducing noncovalent interactions via high-pressure homogenization. As 

opposed to Taxol®, Abraxane® doesn’t require premedication since it doesn’t involve Cremophor 

EL. This Abraxane® nano-size formulation also has a higher maximum tolerated dose compared 

to Taxol®.  

Nanocarriers can also entrap hydrophilic drug and improve their bioavailability. For 

example, Lancheros et al. successfully constructed polymeric nanocarriers to deliver the 

hydrophilic antioxidant N-acetylcysteine (NAC) which has low bioavailability in the 

bloodstream 51. NAC is prone to form disulfide bonds due to the interaction with plasma proteins 

when circulating in the bloodstream and resulting in a low bioavailability. Their 235.5 ±11.4 nm 

diameter, poly(lactic-co-glycolic acid) (PLGA) nanocarriers where synthesized via a modified 

version of nanoprecipitation. The specific NAC load of their nanocarriers with modified 

parameters in nanoprecipitation could reach to 3.14 ± 0.33%, which is more than 20 times higher 

compared to the unmodified base case scenario. Encapsulating NAC inside a polymeric 
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nanocarrier helps prevent the interaction between NAC and plasma proteins, thus improving the 

NAC bioavailability in vivo.  

Certain polymers are frequently used as drug nanocarriers as they support hydrophilic or 

hydrophobic drug entrapment and the subsequent slow release of entrapped drugs. PLGA, 

poly(lactic acid) (PLA), and polycaprolactone (PCL) are three biodegradable, tunable polymers 

commonly used for constructing polymeric nano-drug delivery systems 52. Since the drug is 

embedded within biodegradable polymers such as these, the polymer itself is resorbed during or 

after the drug payload has been delivered. The preparation methods for nanocarrier are simple 

and efficient as further discussed in Section 3.4. The chemistry of the selected nanocarrier 

polymer(s) is easily tuned at the molecular level to control the release rate. In some applications, 

a burst release profile may be desirable, whereas in others, the goal may be to seek a more 

sustained release. For the latter one, Zhou et al. loaded dithiazanine iodide that could inhibit the 

proliferation of tumor cells in for glioblastoma treatment in PLGA polymer matrix, and the 

nanocarriers they fabricated achieve a sustained release of dithiazanine iodide for almost three 

months 53. Another study conducted by Sánchez‑López et al. successfully fabricated PEGylated 

PLGA nanocarriers with memantine hydrochloride for Alzheimer’s disease (AD) treatment 54. 

These nanocarriers deliver memantine hydrochloride in a more sustained timing compared to 

unencapsulated memantine hydrochloride. By taking advantage of controlled/sustained releases 

of drug, clinicians could lower the administration frequency and improve patient compliance 
43,55.  

As mentioned previously, the BBB is a biological barrier to intravenous CNS drug 

delivery. While intravenous delivery would generally be preferred to direct injection into the 

brain, getting nanocarriers across the BBB remains a challenge. BBB endothelial cells have 

abundances of various receptors and carriers, and their membranes are negatively charged 41. In 

order to cross the BBB, the nanocarriers could utilize their large surface-area-to-volume ratios 

and present surface modifications with BBB-targeting ligands. BBB-targeting ligands attached to 

a nanocarrier can facilitate crossing the BBB by transcytosis, without requiring disruption of the 

tight junctions. Three specific types of transcytosis, receptor-mediated transcytosis (RMT), 

carrier-mediated transcytosis (CMT) and adsorptive-mediated transcytosis (AMT) will be 

discussed in Section 3.3.3.  
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One potential challenge associated with nano drug delivery is the neurotoxicity to the 

healthy part of the brain or other tissues and organs. In order to solve this problem, dual-targeted 

nanocarriers could be designed that have components of both 1) crossing the BBB and 2) 

targeting the disease microenvironment.  For instance, Han et al. successfully fabricated dual-

targeted PLGA nanocarriers with lexiscan and chlorotoxin 56 (Figure 3-5). The lexiscan is a 

BBB modulator that could transiently and reversibly open BBB and allow the nanocarriers to 

cross the BBB paracellularly. After crossing the BBB, the drug then needs to be targeted to the 

ischemic tissue. The chlorotoxin component of their nanocarriers has a high affinity to the matrix 

metalloproteinase 2 (MMP-2) that is upregulated under an ischemic stroke environment. As a 

surface moiety on the nanocarriers, the chlorotoxin acts as the ischemic microenvironment 

targeting ligand, localizing the nanocarriers, and their drug payload, to the stroke-affected tissue. 

The dual-targeted PLGA nanocarrier successfully delivered NOGO extracellular peptide, 1 to 40 

(NEP1-40) to ischemic tissue in middle cerebral artery occlusion (MCAO) injured mice. Their 

dual-targeted nanocarrier effectively targeted the ischemic hemisphere based on IR780 

fluorescent signal intensity and (NEP1-40 loaded dual-targted nanocarrier) substantially lessened 

the infarct volume and improved the survival rate of MCAO injured mice [Figure 2(B), Figure 

2(C), and Figure 4 from reference 57]. In another example, Zhang et al. modified PEG-PLA co-

polymer with two targeting ligands TGNYKALHPHNG (TGN) and QSHYRHISPAQV (QSH), 

to construct dual-targeted nanocarriers loaded with coumarin-6 or a near-infrared dye DiR for 

AD microenvironment targeting 57. The ligand TGN acts as the BBB targeting ligand for 

crossing the BBB and the ligand QSH has a high affinity to the amyloid plaque Aβ1-42 that 

accumulates in AD brains. The nanocarrier successfully targeted amyloid plaques in mice with 

AD model treatment, dependent on ligand densities on the nanoparticle surface.  
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Another challenge associated with nano-drug delivery is the possibility of premature drug 

release before nanocarriers reach the targeted tissue. Using a passive release mechanism, this 

would decrease the total therapeutic amount for targeted delivery, thus reducing potential 

treatment efficacy. In order to solve this, stimuli-responsive nanocarriers could be constructed. 

Stimuli-responsive nanocarriers release the drug based on particular stimuli that is present only 

locally in the disease microenvironment, such as a disease-associated pH or redox-state. Four 

types of stimuli-responsive polymeric nanocarriers include: pH-responsive, redox-responsive, 

hypoxia-responsive and enzyme-responsive polymeric nanocarriers, discussed in more detail in 

Section 3.5.2.  

Figure 3-5. Targeting efficiency and therapeutic effects in stroked mouse brains. (A) Images 
of IR-780 signals in excised middle cerebral artery occlusion (MCAO) brains demonstrating high 
nanoparticle presence in the chlorotoxin/lexican dual-targeted system. (B) Quantitative analysis 
of brain IR-780 signal intensity with of contralateral and ipsilateral hemispheres of excised 
MCAO brains indicates clear focusing of the treatment in the stroked hemisphere. (C) Survival 
rate percentages of MCAO mice receiving PBS, empty NPs, free NEP1-40, and dual-targeted 
NEP1-40 NP treatments. (D) The infarct area percentages of MCAO mice after receiving blank 
NPs, free NEP1-40 and dual-targeted NEP1-40 NPs treatments. Reproduced from Liang Han, 
etc. Nanomedicine. 2016 Oct;12(7):1833-1842. 
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When nanocarriers travel in the bloodstream, the protein corona formation around them 

due to the nonspecific interaction between the nanocarriers and the proteins in the bloodstream 

could change their properties considerably 41. Those significant properties changes could speed 

up the clearance of nanocarriers via reticuloendothelial system, or lead to aggregation 41,58. 

Polyethylene glycol (PEG) is a hydrophilic polymer that prevents nonspecific interactions with 

serum proteins due to its hydrophilicity and steric repulsion 59–62. PEGylation increases the half-

life of nanocarriers in the blood stream, minimizing the opsonization and reticuloendothelial 

system uptake by the immune system.  

Before translating to the clinical use, there are other potential challenges that need to be 

considered. The nanocarriers usually have multiple components in addition to the polymers, such 

as ligands, excipients, or more than one type of drug in the same nanocarrier 63. This design 

strategy presents opportunities as described above. However, the multiple components of the 

nanocarriers increases their complexities, which present challenges in regulatory approval and 

large-scale production of nanocarriers with good quality. New nanocarriers may include 

excipients never used in clinical settings before, and adding such components may also impact 

the biodistribution in vivo and immunotoxicity profiles 63,64. Thus, a detailed safety and toxicity 

assessment need to be completed for the nanocarriers in preclinical studies, and these are not 

always predictive of the human results 63–65. Sterilization is another challenge for the nanocarrier 

production process. Nanocarriers are sensitive to various sterilization techniques commonly used 

for medical equipment, such as autoclaving and γ-irradiation, which would likely disrupt the 

qualities of the nanocarriers 66. Filtration, common to preparing sterile drug solutions, is a 

challenging choice for nanocarriers. Filtration is completed by using a membrane filter, typically 

with less than 220 nm pore size for removing bacteria. This size cutoff favors nanocarriers that 

are well below 220 nm, without significant quality changes. However, the nanocarriers that have 

sizes close to or larger than 220 nm could clog the filter, resulting in material loss and a lower 

product yield.  

Despite these challenges that need to be considered before large-scale production and 

clinical use, nano-drug delivery is gaining large interests and promising for CNS drug therapy 

due to its advantageous properties. New technologies are continuing to improve the properties of 
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nanocarriers for drug delivery to the CNS 67. The limitless design parameters allow a great deal 

of control for existing and future drugs. 

3.3. Approaches of crossing BBB 

As discussed elsewhere in this book, the BBB generally prevents passive diffusion into 

the brain. When one considers the numerous potential drug targets and extreme therapeutic need, 

controlled delivery’s potential to controllably cross the BBB clearly makes it an attractive 

treatment strategy for the CNS. Although the BBB may be partially compromised after CNS 

disease onset, the degree of BBB opening might not be sufficient to allow polymeric nanocarrier 

transport, and disease-induced BBB opening is uncontrolled and thus ineffective for targeted 

applications. In this section, several on-demand methods that could open the BBB transiently and 

reversibly will be discussed. Recommended methods facilitate minimally invasive, controlled 

BBB opening, which helps reduce safety concerns (for example, section 3.3.1 and 3.3.3). Such 

approaches provide the clearest pathway for the development of targeted brain delivery 

polymeric nanocarrier treatments.   

3.3.1 Methods to physically increase BBB permeability 

3.3.1.1 Focused Ultrasound 

Focused ultrasound (FUS) is a non-invasive, clinically-approved technology that can 

reversibly open tight junctions with high spatial control to temporarily increase blood-brain 

barrier (BBB) permeability 68–73 (Figure 3-6). A low energy mode of FUS applied to the brain 

opens the BBB without thermal injury or tissue damage 74,75. Intravenously injecting pre-made 

pressure-sensitive microbubbles to the body, before applying FUS, lowers the input energy 

required for the technique since energy is not needed for FUS to create the microbubbles. These 

injected pre-made microbubbles have a typical diameter sizes range of 1-10 um 76–83. An FUS 

transducer applied to the targeted region activates the microbubbles in the vessel to oscillate and 

raise the pressure at the vessel wall, physically forcing the tight junctions open 84,85. In this case, 

FUS and microbubbles allows the intravenously injected payload to cross the BBB in the 

immediate FUS-disrupted area, and locally deliver the drug to the tissue. Magnetic resonance 

imaging (MRI) guides and monitors the BBB opening and drug release in a real-time manner 86. 

Preclinical results demonstrated BBB opening and payload delivery of glycogen synthase kinase 
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3 (GSK-3) inhibitor 81, anti-alpha synuclein (a-syn) monoclonal antibodies (mAb) 83, or 

mesenchymal stem cells (MSCs) 82 without damaging healthy tissue. Several clinical trials of 

FUS have been conducted for Alzheimer’s disease and Parkinson’s disease 70–73. FUS therapy for 

ischemic stroke is still in the early laboratory phase, but the results are promising 82,87–91. In a 

recent study, the researchers applied FUS to the lateral hippocampal region of male Sprague–

Dawley rats to facilitate engraftment of donor MSCs in host brain tissue 82. Compared to the 

group without FUS treatment, FUS-induced BBB opening increased engraftment of 

intravenously delivered MSCs by more than two fold. This approach provides inspiration for 

potential stem cell therapy as a therapy for ischemic stroke. Furthermore, FUS itself can have 

neuroprotective function after ischemic stroke 87–89,91. One study demonstrated that 20 min of 

Low-Intensity Focused Ultrasound (LIFU) stimulation to the lateral cerebellar nucleus once per 

day for two days, beginning the day after MCAO injury, could reduce brain edema and improve 

the survival rate of Purkinje neurons in mice 87. To our best knowledge, the application of FUS 

to polymeric nanocarriers in brain delivery is still underdeveloped. Several studies indicate that 

FUS improves the brain tissue penetration of polymeric nanocarriers, and thus the distribution of 

payload such as model trangenes 92,93. Although there is a research gap in applying FUS with 

polymeric nanocarriers, the reversible BBB opening created with FUS provides an opportunity 

for the polymeric nanocarrier to cross the BBB and localize to the targeted area. In summary, 

FUS can locally deliver payloads by reversibly opening the BBB without damaging brain tissue, 

is being investigated in several clinical trials, and shows potential for further development of 

CNS disease nanotechnology treatments.  
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3.3.1.2 Near-infrared Femtosecond-pulsed Laser Irradiation  

Near-infrared femtosecond-pulsed laser irradiation is a minimally invasive tool that 

increases BBB permeability and allows local delivery of payloads with high spatial resolution in 

a subcellular level 94,95. By briefly exposing the targeted blood vessel to the femtosecond-pulsed 

laser, the high peak intensity irritation induces transient and reversible tight junction disruption. 

The plasma, together with injected payloads, extravasates through the disrupted blood vessel 

wall into targeted brain tissue. The technique successfully targets the blood vessels that have 

lumen diameters from 10um to 50um 94. A lager lumen diameter vessel has a smaller area of 

plasma extravasation and a lower plasma extravasation circularity. Thus, it may have a lumen 

diameter limitation of blood vessel for near-infrared femtosecond-pulsed laser irradiation, which 

may restrict the application of this technique. In this way, near-infrared femtosecond-pulsed laser 

Figure 3-6. Schematic representation of several nanocarriers blood brain barrier (BBB) crossing 
mechanisms. i) Nanocarriers cross the BBB by transiently and reversibly disrupted tight junctions, 
caused by focused ultrasound waves, near-infrared femtosecond-pulsed laser irradiation, or chemicals. 
ii) Nanocarriers cross the BBB by receptor-mediated transcytosis with ligand-receptor binding and 
vesicle formation porting drugs to the tissue side of the endothelial cell barrier. iii) Nanocarriers cross 
the BBB by carrier-mediated transcytosis with the help of solute carrier transporters. iv) Nanocarriers 
cross the BBB via adsorptive-mediated transcytosis by utilizing the electrostatic interaction between 
positively charged peptides/proteins and negatively charged membranes with vesicle formation again 
facilitating transport through the cell to the abluminal side. Created with BioRender.com. 
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irradiation allows large molecules, including recombinant proteins, monoclonal antibodies, and 

gene therapy carriers to deliver to the targeted brain tissue 94,96. However, a large amount of drug 

is needed for intravenously injection due to the blood plasma dilution, which increase the cost 

and poses a risk of side effects due to high doses of injected drug 94. The infiltration of some 

plasma components, such as albumin, may also lead to inflammation and damage the brain tissue 
94,97. Theoretically, plasma extravasation could also happen to focused ultrasound as a side effect. 

However, the focused ultrasound in Section 3.3.1.1 uses low intensity ultrasound energy beam, 

and a lower acoustic energy could reduce the inflammatory responses and brain tissue damage 

chances in the patient 68,69,74,75. Thus, low-intensity focused ultrasound is more developed 

technique for opening BBB, and several preclinical results and clinical trials, as mentioned in 

previous section, show focused ultrasound could temporarily opening BBB and delivering 

payloads without damaging surrounding healthy tissue. 

3.3.2 Chemically opening BBB approaches 

In this section, four chemical substances, mannitol, lexiscan, borneol and RMP-7, that 

could transiently opening BBB will be discussed. The limitations of the chemically BBB 

disruption approaches will be discussed at the end of Section 3.3.2.  

Mannitol (also known as Osmitrol) is an FDA-approved diuretic administered via 

intravenous infusion that relieves elevated intracranial pressure in clinical practice 98. Mannitol 

rapidly poses an osmotic shock to the brain endothelial cells 99,100. The plasma osmolarity rises 

within minutes after mannitol infusion, which creates an osmotic gradient across the luminal 

membranes of brain endothelial cells 98–100. Water inside the brain endothelial cells flows 

outward to the higher osmolarity blood vessel lumen by osmosis. This water outflow causes the 

shrinkage of the brain endothelial cells, which opens the tight junctions and increases 

paracellular BBB permeability. The effect of increasing BBB permeability is transient and 

reversible, and will recover following mannitol excretion. For instance, the maximal duration of 

action on increasing BBB permeability is ~5 minutes when injected into the internal carotid 

artery 101.  

Lexiscan (also known as Regadenoson), an FDA-approved adenosine A2A receptor 

agonist, also modulates BBB permeability in a transient and reversible manner 99. Lexiscan binds 
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to the adenosine receptor (AR) expressed on brain endothelial cells. The activation of AR 

downregulates Rac1 and upregulates RhoA. Rac1 is a small GTPase important for BBB 

structural stability 102. RhoA, on the other hand, is a small GTPase that disrupts tight junctions by 

reorganizing actin-cytoskeleton 102,103. The actin-cytoskeleton is a dynamic structural network for 

cell morphological regulation. Thus, the tight junction disruptions due to the changing in cell 

morphology increase the BBB permeability. Additionally, lexiscan has a fast downregulation 

effect on P-glycoprotein (P-gp) 104. P-gp is a membrane protein on BBB that flows out the 

substances, for example, the NPs and their payloads, back to the blood stream. By decreasing P-

gp expression, NPs has larger probability to finally permeate brain tissue. 10kDa dextran 

becomes detectable in the CNS within 5 minutes of a single lexiscan intravenous injection in 

mice 99. The BBB reaches the maximum permeability at 30 minutes post-treatment and recovers 

back to pre-treatment state 180 minutes after a single lexiscan intravenous injection in mice. 

Borneol is a natural plant-derived compound extracted from Dipterocarpus aromatica 

Gaertn. f., or more commonly, Cinnamomum camphora (L.) Presl., and in traditional Chinese 

medicine, borneol is for resuscitation use 105. The most used route to administrate borneol in 

clinical setting is oral route of administration. There is an increasing evidence showing that 

borneol may also have a temporary and reversible BBB permeability enhancement effect. 

Borneol enhances BBB permeability by inhibiting the efflux membrane protein P-gp that has a 

high expression level on the brain endothelial cell luminal membranes 104,106,107. However, 

borneol upregulated intercellular adhesion molecule 1 (ICAM-1) expression on brain endothelial 

cells 108. Upregulation of ICAM-1 could increase paracellular BBB permeability by promoting 

leukocyte infiltration and eliciting an inflammatory response 13,109,110. L-borneol induces BBB 

opening 20 minutes after oral administration, and the BBB permeability enhancement effect 

subsides within 1h after L-borneol administration 111. 

RMP-7 is a bradykinin analog that could induce a rapid, transient and reversible BBB 

opening by activating kinin 2 (B2) receptors, which are upregulated during ischemic events 
30,112,113. The activation of B2 receptors triggers release of intracellular calcium and 

downregulates the claudin-5, a key tight junction protein expressed on brain endothelial cells 
30,114,115. Downregulation of claudin-5 increases the paracellular BBB permeability. The BBB 
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permeability enhancement effect gradually diminished during a 60-min continuous infusion 

administration of RMP-7 116.  

Disrupting the BBB, even temporarily, has side effects as described in the previous 

section on physical disruption. One major limitation of chemically BBB opening approaches is 

that, the tight junctions disruptions allow plasma albumin being infiltrated to the brain tissue, 

which may lead to cytokines generation and brain tissue damage 97,113. Another limitation is they 

are susceptible to organ damage 113. For example, intravenous administration of lexiscan may 

lead to bronchospasm via activation of the adenosine receptor expressed on lung mast cells 
117,118. Mannitol could also increase the osmolality in the renal tubules, which may lead to 

dehydration 98. Mannitol even could potentially cause renal damage and/or failure.  

3.3.3 Transcytosis 

As compared to the methods that physically (3.1) or chemically (3.2) open the BBB, 

transcytosis provides a newer, safer way for drugs to cross the BBB without directly disrupting 

the tight junctions. Transcytosis delivers the cargo from one side of a cell to the other side of a 

cell through endocytosis, intracellular vesicle transport or substrate diffusion, and exocytosis. 

Three types of transcytosis will be discussed in this section: receptor-mediated transcytosis 

(RMT), carrier-mediated transcytosis (CMT), and adsorptive-mediated transcytosis (AMT). 

Vesicles formed in RMT and AMT undergo sorting inside the cell, either sorted to the opposite 

side for releasing cargos, or sorted to lysosomes for degradation 119–121. To our best knowledge, 

the mechanisms for vesicle sorting remain unproven. CMT doesn’t involve vesicle formation, 

instead utilizing substrate concentration gradient to drive the cargos diffusing inside the cell 119. 

Nanocarriers can be designed to take advantage of transcytosis, by specific surface modifications 

to help the nanocarriers cross the BBB and deliver the drugs in the brain. Among these three 

types of transcytosis, RMT is the most widely applied type of transcytosis in drug delivery 122.  

3.3.3.1 Receptor-mediated transcytosis (RMT) 

Receptor-meditated transcytosis (RMT) is successful and popular strategy for researchers 

to develop the methods for delivering drugs and NPs across the BBB 122. The RMT process 

initiates via specific recognition of a ligand to a receptor on the luminal side (inside the vessel) , 

followed by vesicle formation and endocytosis, vesicle transport, vesicle fusion with the 
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abluminal membrane, and finally, exocytosis and release of the payloads to the abluminal side 119 

(Figure 3-6). The cell surface receptor is recycled back to the luminal side via vesicle, thereby 

maintaining the receptors needed for the next round of transcytosis. The molecular recognition 

between ligand, which may be presented as an attachment to a drug or NP, and receptor 

guarantee the high specificity of RMT 120. Insulin, transferrin, and low-density lipoprotein 

receptors are three typical receptors utilized for RMT to cross the BBB 120,123–125. One obstacle 

for RMT is the lysosomal degradation of the endocytosed cargo vesicles during transport inside 

the cell, which could reduce the delivered efficiency of therapeutic cargos to the abluminal side 
119. Another problem associated with RMT is that the endogenous substrate may compete with 

the exogenous ligands 126. For example, endogenous transferrin, which has a high blood 

concentration, could compete for the binding of the exogenous transferrin ligands on a NP, 

impairing the targeting efficiency. To deal with the endogenous transferrin competition problem, 

an antibody OX26 with a different binding site on the transferrin receptor than the endogenous 

transferrin could be utilized 126,127. Using an antibody with a different binding site than 

endogenous substrate provides a solution to avoid the endogenous competition, thus increasing 

targeting efficiency 126. This method has been used to deliver puerarin-loaded 

poly(butylcyanoacrylate) nanocarriers across the BBB via low-density lipoprotein receptor-

mediated transcytosis, and restore neurological functions and reduce infarct volume in MCAO 

rats 125. 

3.3.3.2 Carrier-mediated transcytosis (CMT) 

Carrier-mediated transcytosis (CMT) is another strategy to transport drugs across the 

BBB. The carriers, such as glucose transporters, monocarboxylate transporters (MCTs) and 

amino acid transporters (AATs) in CMT are natively used for transmembrane nutrient delivery to 

the brain 126. The CMT process involves solute-carrier recognition at the luminal side, a 

conformation change of the luminal carrier from luminal-facing orientation to abluminal-facing 

orientation, solute diffusion, a conformation change of abluminal carrier from luminal-facing 

orientation back to abluminal-facing orientation, and release of drug 119 (Figure 3-6). Glucose 

transporters are abundantly expressed on both luminal and abluminal sides of BBB. One example 

using glucose transporters attempted to deliver the kynurenic acid (KynA) derivative 7-

chlorokynurenic acid 7ClKynA, a neuroprotective agent incapable of crossing the BBB, 
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severally limiting its therapeutic effects 128. Conjugating D-glucose via the 6-hydroxyol group to 

esterified 7ClKynA improved anticonvulsive activity compared to unconjugated free 7ClKyn 

and other controls. This is because D-glucose ester 7ClKynA conjugates could cross the BBB via 

glucose transporter 1 (GLUT1) CMT. One study shows a glucosylated polymeric micelle could 

successfully cross the BBB via GLUT1 CMT and improve the accumulation in the mice brains 
129.  

Organic anion transporting polypeptides (OATPs) are another type of carrier that are 

promising for BBB CMT transcytosis. OATPs could be used for both endogenous substrates and 

therapeutic drug transports, including thyroid hormones, steroid hormones, bile salts, statins and 

anticancer drugs 119,130–132. The expression of organic anion-transporting polypeptide 1a4 

(OATP1a4) in rats increases during hypoxia/reoxygenation, which provides an opportunity for 

delivering drug through OATP CMT 133. One limitation of CMT is that it may be limited by the 

large molecular sizes of some therapeutic drugs. Unlike RMT that allows transport of large 

therapeutic cargos, CMT is more applied to deliver small therapeutic cargos with molecular 

weights less than 600Da 134. Another limitation is the high stereoselectivity requirement of the 

vector, since CMT doesn’t involve vesicle formation and the carrier only bind to endogenous 

and/or endogenous-like substrates 119,121,135.  

3.3.3.3 Adsorptive-mediated transcytosis (AMT) 

Adsorptive-mediated transcytosis (AMT) is a nonspecific way that allows drugs to cross 

the BBB 120. The AMT process starts with electrostatic interactions between the negatively-

charged cell membrane and positively-charged peptides/proteins used to drive adsorption 120,126 

(Figure 6). AMT uses cationic cell-penetration peptides (CPPs) and cationic proteins to interact 

with the negatively-charged brain endothelial cell membranes and cross the BBB 120. Syn-B 

vectors, a family of linear peptides derived from antimicrobial peptide protegrin 1 (PG-1), and 

trans-activator of transcription (Tat)-derived peptides are two examples of CPPs. Cationized 

bovine serum albumin (CBSA) is an example of a cationic protein commonly used in AMT 122. 

When the peptides or proteins nonspecifically bind to the luminal cell membrane, vesicles form 

and undergo endocytosis 119. The endocytosed vesicle transports the drug to the abluminal side 

followed by exocytosis. Unlike CMT, AMT is not limited by cargo size and not stereo-selective. 

Furthermore, compared to RMT and CMT, the ligand of AMT has a higher saturated 
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concentration at the binding site, which allows a large substrate binding capacity. A study shows 

the BBB permeation and brain delivery of dalargin are enhanced in mice via SynB vectors AMT 
136. One limitation of AMT is, similar to RMT, the endocytosed cargo vesicles inside the cell in 

AMT are also subject to lysosomal degradation, which decreases transport of therapeutic cargos 

to the abluminal side 120. Another limitation of AMT is that nonspecific binding increases the 

chance of failure by being unable to differentiate between on-target and off-target cell 

membranes. This lack of specificity poses a risk of off-target side effect throughout the body. 

Because of the nonspecific binding, AMT is rarely applied in transporting drugs through the 

BBB 122.  

3.4. Current polymeric nano-carrier fabrication method  

3.4.1 Emulsion Evaporation  

Emulsion evaporation was the first NP fabrication method developed using polymer 
137,138. The earliest application of NP synthesis via emulsion evaporation was for the 

development of a drug carrier using biodegradable polymers 137–140. Commonly used polymers in 

emulsion evaporation include alpha hydroxyl esters like PLGA, PLA, and PCL along with their 

copolymers; PEG-PLGA, PEG-PLA, PEG-PCL, all of which can hydrolytically degrade in the 

presence of water or be biodegraded by esterases 138. The organic solvent used to dissolve the 

polymer should be volatile and immiscible or partially miscible with the aqueous phase 

antisolvent (water) 137–139. Dichloromethane (DCM) and chloroform were commonly used 

organic solvent in the past, but now ethyl acetate is gaining greater use because of its safer 

toxicological profile 137,138.  

There are two major types of emulsions: an oil in water (O/W) single emulsion, and a 

water in oil in water (W/O/W) double emulsion 137. The O/W single emulsion works well for 

encapsulating hydrophobic drugs. The W/O/W double emulsion further develops the O/W single 

emulsion further to encapsulate hydrophilic drugs. For O/W single emulsions, the polymer and 

the hydrophobic drug both dissolve in the organic solvent 141. Upon addition to the aqueous 

phase, the organic phase forms an O/W emulsion under high shear force, such as ultrasonication 

or high-speed homogenization 137,141 (Figure 3-7). The organic solvent evaporates by continuous 

room temperature stirring or stirring under reduced pressure or vacuum to form the solid NPs 
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137,139,141. The NPs can then be collected by centrifugation 137,139. For W/O/W double emulsion, 

the hydrophilic drug dissolves in the inner aqueous phase and emulsifies with the polymer-

containing organic phase. The W/O emulsion will then be emulsified into an outer organic phase, 

forming a W/O/W double emulsion. The remaining organic solvent evaporations and the 

collection steps are the same as O/W single emulsion.  

A common challenge with emulsions is the lack of stability of particle size caused by 

aggregation during synthesis or evaporation steps. Polyvinyl alcohol (PVA), Span 40 and 

pluronic F68, which have both hydrophobic and hydrophilic parts, stabilize emulsions when 

added to the aqueous phase 137,138. The hydrophobic parts of the stabilizer interact with the inner 

oil phase, and the hydrophilic parts reach out to the outer aqueous phase to alleviate the surface 

tension. For single emulsions, higher PVA concentrations in the aqueous phase lead to smaller 

particle sizes 137,142. For W/O/W double emulsions, increasing the PVA concentration in the 

inner aqueous phase will decrease the particle size, but the PVA concentration in outer aqueous 

phase has little effect on particle size 137,142. The major challenges of the emulsion evaporation 

are during time-consuming solvent evaporation step, where there is a chance of drug loss from 

the nascent NPs and a risk of particle coalescence 137. Such risks are amplified in NP synthesis, 

as opposed to microparticle synthesis, given the higher surface to volume ratio. 

3.4.2 Nanoprecipitation 

Nanoprecipitation is a simple, quick, economical and reproducible method to form NPs 

from polymers 137,138. The major components of nanoprecipitation are the selected polymer, an 

organic solvent that dissolves the selected polymer, and an aqueous antisolvent in which the 

selected polymer is insoluble 137,143. Commonly used polymers for nanoprecipitation include the 

alpha hydroxyl esters noted previously, PLGA, PLA and PCL. The organic solvent and aqueous 

antisolvent must be miscible with each other. Acetone and water are the most commonly used 

organic solvent:antisolvent pair 138. 

The polymer is first dissolved in organic solvent. The polymer concentration in the 

organic solvent needs to be dilute to semi-dilute for the nanoprecipitation 138. The organic phase 

is then added dropwise to the aqueous antisolvent while gently stirring 137,141 (Figure 3-7). When 

the organic solvent diffuses to the aqueous phase, the solute becomes supersaturated in the 
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organic phase 144. When the solute concentration exceeds the critical supersaturation 

concentration, crystal nuclei form and the solute concentration decreases. Nuclei will continue to 

form until the solute concentration dips below the critical supersaturation concentration point. 

When the solute concentration is below the critical supersaturation concentration point, nuclei 

grow as the solute transfers from the bulk solution to the nuclei interface and then condenses. 

The process of condensation stops after the solute concentration reaches below the equilibrium 

saturation concentration.  

The formation of NPs is instantaneous after adding organic phase to aqueous solvent 141. 

However, when attractive forces are greater than repulsive forces, particles collide and adhesion 

will happen 144. Although surfactant is not mandatory in the nanoprecipitation, it could be added 

to the aqueous phase to prevent particle adhesion and particle agglomeration 137,144. The NPs 

formed by nanoprecipitation have a narrow size distribution 141,145. Common factors that affect 

NP size are polymer concentration, drug concentration, organic phase to aqueous phase ratio and 

aqueous stirring rate 141,145,146. Larger polymer concentration and/or a high drug concentration 

will increase the viscosity, which hinders the diffusion of organic solvent to the aqueous phase, 

leading to a larger NP size 145. A high drug concentration could also form more nuclei at 

organic/aqueous interface, which could cause aggregate and a larger NP size. Larger stirring rate 

decreases the NP size by enhancing mass transfer and the solvent diffusion rate. If the 

organic/aqueous phase is too low, the external energy from the stirring needs to be applied to a 

larger amount of aqueous phase, leading to weaker breakdown of droplet and a larger NP size 146. 

On the other hand, if the organic/aqueous phase is too high, viscosity will increase, and a larger 

NP will be formed. 

Nanoprecipitation is mostly used for hydrophobic drugs, for example curcumin for anti-

cancer therapy 147 and triiodothyronine for ischemic stroke treatment 148. However, it has 

recently been modified to encapsulate hydrophilic drugs 141 (e.g. antibiotics ciprofloxacin 149 and 

the antioxidant N-acetylcysteine (NAC) 150). 

One limitation of nanoprecipitation is that the drug loadings are low in many cases 151. 

Drug loadings for many hydrophobic drugs are in the range of 0.2% to 17%. The low drug 

loading means the small fraction of the drug relative to the total mass requires larger NP 

administration amounts in order to reach the targeted therapeutic drug concentration 152. This 



45 
 

 
 
 

increase of total amount of NPs administrated may cause systemic toxicity to the body due to the 

great amount of non-therapeutic ingredients. 

3.4.3 Emulsion Diffusion 

Emulsion diffusion is an efficient way of fabricating NPs with great reproducibility and 

simple scale-up amenability 138,153 Emulsion diffusion requires an organic solvent that is partially 

miscible with aqueous antisolvent. The organic solvent and the aqueous antisolvent need to be 

mutually saturated with each other 138,141,153,154 (Figure 3-7). Because the organic solvent and 

aqueous antisolvent are partially miscible, this allows the two phases to become mutually 

saturated with each other. To obtain mutual saturation, organic solvent and aqueous antisolvent 

with equal volumes are added to a separation funnel to allow the phases to separate 138. The 

bottom phase is the organic solvent-saturated aqueous antisolvent, and the top is aqueous 

antisolvent-saturated organic solvent. Commonly used polymers include PLGA, poly(D,L-Lactic 

Acid) (PDLLA), and PCL 138,155. Ethyl acetate, benzyl alcohol, methyl acetate and propylene 

carbonate could be used for organic solvent in emulsion diffusion and water is the most widely 

used aqueous antisolvent 138,153.  

The organic phase that composes both the polymer and the drug in the water-saturated 

organic solvent is first added into the aqueous phase that composes organic solvent saturated 

water and surfactant 138,141. Next, the organic phase and aqueous phase form an O/W single 

emulsion 138. A probe sonicator, although it is not required, could provide high energy to 

emulsify the phases, and adding surfactants like PVA, pluronic F68, or sodium dodecyl sulphate 

(SDS) stabilize the emulsion system 138,141. The O/W single emulsion is suitable for 

encapsulating hydrophobic drugs. Like the emulsion evaporation method, a W/O/W double 

emulsion could be also developed from the O/W single emulsion in the emulsion diffusion 

method for encapsulating hydrophilic drugs. After forming the emulsion, a large amount of water 

should be added to the aqueous phase 138. With this aqueous phase dilution, the organic solvent 

diffuses from the emulsion droplet to the aqueous phase, causing local superstation, and forming 

the NPs in milli-seconds 138,153. The factors that affect the NPs size are polymer concentration, 

organic solvent and aqueous antisolvent miscibility, stirring rate, and surfactant concentration 138. 

NP size increases with higher polymer concentration and decreases with higher organic solvent 

and aqueous antisolvent miscibility, higher stirring rate, and higher surfactant concentration. 
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After the NP formation, cross-flow filtration is a useful purification method to separate the NPs 

from the bulk liquid 153.  

3.4.4 Salting-out  

Salting-out is a modified version of the emulsion diffusion method 137,139. Like emulsion 

diffusion, salting out frequently uses PLGA and PDLLA polymers 137,138,155,156. However, salting 

out requires miscible organic and aqueous phases and doesn’t require using surfactants and 

chlorinated organic solvents that may pose a hazard to the body and the environment 137,139,141. 

Acetone and tetrahydrofuran (THF) are commonly used as organic solvents and water is most 

commonly used as the aqueous phase 141.  

The salting-out method is suitable for encapsulating hydrophobic drugs 139. The polymer 

and the drug dissolve in the organic solvent and the electrolyte dissolves in the aqueous phase 
139,141 (Figure 3-7). Although not required, a surfactant is typically added to the aqueous phase to 

stabilize the emulsion 137,138. Magnesium chloride, magnesium acetate and calcium chloride are 

commonly used electrolytes to hold the water for their solubilization, thus lowers the miscibility 

of the organic solvent to water 137–139.  Practically, the organic phase emulsifies into the aqueous 

phase by using an overhead stirrer, which provides the high shear forces needed to form the 

emulsion 138,141. No organic solvent diffusion occurs at this point due to the presence of 

electrolyte in the aqueous phase 141. Next, a great amount of water will be added into the 

emulsion, and the organic solvent then diffuse from the polymer phase to the aqueous phase due 

to the reverse salting-out effect and NPs will be formed 137,138,141. The electrolyte and organic 

solvent residue could be removed by cross-flow filtration 157. A limitation associated with the 

salting-out method is the drug encapsulation efficiency of the NPs may be hindered due to the 

large amount of washing and purification required by the initial presence of electrolytes 139.  

3.4.5 Dialysis 

Dialysis is a simple fabrication method that forms small NPs with a narrow size 

distribution 137,139. The mechanism of dialysis fabrication method still needs more investigation, 

but it is assumed to be similar to the nanoprecipitation method 137,158. The organic phase is 

composed of the polymer, the drug, and an organic solvent while the aqueous phase is composed 

of an antisolvent miscible with the organic solvent 137. Like the nanoprecipitation method, 
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dialysis works well for encapsulating hydrophobic drugs. Similar to other polymeric NPs 

fabrication methods, PLGA, PDLLA, and pullulan acetate (PA) are suitable polymers for 

dialysis 137,159. Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), N-methyl-2-

pyrrolidinone (NMP) and dimethylacetamide (DMAc) are widely used for organic solvent and 

water is the most commonly used for antisolvent 137,139,160.  

The polymer and the drug dissolves in the organic solvent, and the organic phase is put 

inside a dialysis tube with suitable molecular weight cut-off that sever as a physical barrier for 

the polymer but permeable to the organic solvent and water 137,139 (Figure 3-7). When placed in 

excess aqueous phase, the organic solvent inside the dialysis tube is displaced by the water 
137,139,158. The organic solvent displacement causes loss of polymer solubility, which precipitates 

into NPs 137.  
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3.5. Targeted and triggered polymeric nano-drug delivery  

3.5.1 (Bio)chemical strategies to functionalize nanocarriers 

Figure 3-7. Common fabrication methods for polymeric nanocarriers. (A) Solvent evaporation 
method. (B) Nanoprecipitation method. (C) Emulsion diffusion method. (D) Salting-out method. (E) 
Dialysis method. Created with BioRender.com. 
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In this section, a non-covalent conjugation strategy, biotin-(strept)avidin interaction, and 

two covalent carbodiimides conjugation strategies will be discussed. Those (bio)chemical 

strategies are widely used to functionalize nanocarriers with multiple purposes, such as adding 

targeting moieties, imparting multivalent functionalities and/or modifying polymers for 

prolonging the circulation time of the nanocarriers in the bloodstream.  

3.5.1.1 Biotin-(strept)avidin interaction 

Biotin-(strept)avidin interaction is one of the strongest non-covalent interactions known, 

involving both hydrogen bonding and hydrophobic interaction 161,162. The biotin-(strept)avidin 

interaction has high affinity with an extremely low dissociation constant, Kd, in the order of 10-15 

M. The biotin-(strept)avidin interaction has high resistance to extreme temperature and pH, 

denaturing reagents and proteolytic enzymes 162,163. 

Avidin is a tetrameric protein derived from avian, reptile, and amphibian eggs 162. A 

maximum of four different biotinylated ligands and/or molecules could bind to a single avidin 

with high affinity and specificity. Avidin has a basic PI (~10) and glycosylated, which prone to 

bind nonspecifically with tissue in vivo and elicit immune response. Streptavidin is the most 

commonly used avidin analogue that derived from Streptomyces avidinii. Streptavidin is non-

glycosylated with a slightly acidic PI (~5-6), which could overcome the limitations that caused 

by avidin.  Similar to avidin, streptavidin also has four binding sites for biotins. The 

multivalency of (strept)avidin gives the opportunity to employ multiple ligands with different 

purposes to the same (strept)avidin backbone for optimal targeting delivery. 

Sumbria and coworkers employed the biotin-avidin interaction between monoclonal 

antibody-avidin fusion protein (HIRMAb-AV) and the biotinylated 125I idolized Aβ1-40 peptide 

radiopharmaceutical to form the Aβ/HIRMAb complex for AD brain imaging 164. This 

Aβ/HIRMAb complex successfully cross the BBB and deliver Aβ1-40 peptide 

radiopharmaceutical to image the AD brain amyloid plaque. The HIRMAb part acts as the 

molecular Trojan horse to cross the BBB via human insulin receptor (HIR)-mediated 

transcytosis. 

3.5.1.2 Covalent Carbodiimide conjugation strategies  

3.5.1.2.1 EDC/Sulfo-NHS  
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Carbodiimides are popular crosslinkers for conjugation of peptides and proteins to the 

surface of polymeric NPs, or conjugation between hydrophilic and hydrophobic polymers to 

form functionalized polymeric micelles 165,166. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) is a widely used zero-length crosslinker which forms an amide bond 

between an amine and a carboxylate group. The carboxylate group acts as the nucleophile and 

donates its electron pair from the oxygen to the carbon of the EDC carbodiimide group to create 

an O-acylisourea active-ester intermediate. However, the O-acylisourea active-ester intermediate 

is short-lived and prone to hydrolysis 166. Adding water-soluble N-hydroxysulfosuccinimide 

(Sulfo-NHS) to the coupling reaction forms a sulfo-NHS ester intermediate, which is a more 

stable and soluble active-ester immediate. The sulfo-NHS ester intermediate then reacts with 

primary amines to form an amide bond 165. The typical amine bond formation reaction time after 

dissolving all reagents is 2 hours. The isourea byproduct is also water soluble. Since all the 

reagents, intermediates, byproducts and final products in EDC/sulfo-NHS coupling reaction are 

water-soluble, this reaction is suitable for amide bond formation in peptide and protein-friendly 

aqueous environments.  The final product will be purified by centrifugation, gel filtration or 

dialysis. EDC/Sulfo-NHS reactions can be used to bioconjugate desired peptides to any 

nanocarriers that have carboxylic acid group on the surface, like PLGA acid-end NPs, to impart 

varied function such as the targeting ability of NPs 166.  

There are several practical considerations to observe when using this strategy. In order to 

preserve its stability for a long-term storage, both reagents EDC and Sulfo-NHS need to be 

stored in the dry, cool, well-ventilated places. Since EDC is moisture-sensitive, EDC needs store 

at -20°C with a desiccant 165. Before using it, the container should be closed until equilibrates to 

the room temperature to avoid moisture condensation on EDC, thereby avoiding hydrolysis. The 

EDC/sulfo-NHS coupling reactions are most efficient in the range of pH 4.5-7.2, and they could 

be done in an adapted two-step procedure 165,167–169. 2-(N-morpholino)ethanesulfonic acid (MES) 

buffer at pH of 4.7-6.0 is recommended for the first part, sulfo-NHS ester formation 165. This is 

because in order to form the ester intermediate efficiently, EDC needs to be protonated 169. In the 

meantime, enough carboxylate needs remain in its deprotonated form. EDC also undergoes 

hydrolysis at low pH, so avoid using a pH that is too low 165,168. After that, raising the pH to >7 

with sodium phosphate buffer immediately prior to the second part, the amide bond formation, 

allows the amine to be deprotonated in order to react effectively 165,168,169. 
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3.5.1.2.2 DCC  

Dicyclohexyl carbodiimide (DCC) is an organic soluble coupling agent that is most 

widely used for water-insoluble reactions, such as peptide and copolymer synthesis that 

conducted in organic solvent (e.g. synthesis of PLGA-b-PEG-COOH copolymer) 165,170,171. 

Hydrolysis is a main issue for the reactions in aqueous environments 165. For some reactions that 

do not require aqueous solvent, DCC could avoid this hydrolysis issue. O-acylisourea active-

ester intermediate will be formed when DCC reacts with carboxylate group. NHS could be also 

utilized to form NHS ester intermediate. The byproduct dicyclohexyl urea (DCU) is also water 

insoluble and the final product need to be purified by washing with organic solvent. PLGA-b-

PEG-COOH copolymer could be formed via the DCC/NHS coupling reaction 171. PLGA is first 

activated with DCC and N-hydroxysuccinimide (NHS) in dichloromethane solvent at room 

temperature for 24 hours to form PLGA-NHS. Then, the activated PLGA-NHS reacts with NH2-

PEG-COOH in chloroform solvent, with an organic soluble base N,N-diisopropylethylamine 

(DIPEA), at room temperature for another 24 hours to form PLGA-b-PEG-COOH copolymer. 

PLGA/PEG copolymer is frequently used to synthesize PEGylated NPs 172,173. With 

combinations of other surface modification (bio)chemistries, PLGA-b-PEG-COOH copolymer 

could be used to synthesize PEGylated targeted NPs with an extended half-live when circulating 

in the bloodstream 59–62. 

For safety considerations, both reagents DCC and NHS need to be stored in the dry, cool, 

well-ventilated places. DCC is recommended to be stored at -20°C and the container needs to 

warm to room temperature to prevent water condensation before opening it. Extra attention needs 

to be taken when working with DCC since its vapors are extremely dangerous to breathe in and 

when coming into contact with eyes 165.  

3.5.2 Smart/responsive polymeric nanocarrier  

3.5.2.1 pH-responsive polymeric nanocarrier  

Biological differences in pH throughout the human body and in response to disease states 

present an opportunity for pH-responsive drug delivery 174,175. For example, the pH in the 

stomach is ~2 and the pH in the intestinal tract is ~7. Intracellular pH varies greatly based on the 

location within the cell, for instance organelles like lysosomes have acidic pH of ~5 176. This is 
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used in some applications to release drugs inside a cell. Healthy tissue and blood have an 

extracellular pH of 7.4, often described as a “physiological” pH, although this characterization 

lacks nuance. Such a pH of 7.4 is distinctly different from a pathological pH. For instance, 

ischemic tissue undergoes acidosis, dropping the pH below 7 177,178. In a rodent model of focal 

ischemic stroke, the pH is 6 in the ischemic core and 6.5-6.9 in the penumbra 178. To our best 

knowledge, the patterns of how the pH-responsive nanocarriers behave within the same ischemic 

brain with heterogenous pH remain unclear. The extracellular pH near gliomas is also below 7 

due to the high glycolysis rate of cancer cells and lactic acid production 174,175,179. Thus, a pH-

responsive polymeric nanocarrier could effectively target an environment with a pathologically 

acidic pH, such as the acidic environment in ischemic stroke and glioma 177,179,180.  

The mechanisms of pH-responsive nanocarriers for targeting acidic environments 

includes protonation and cleavage of acid liable bonds 174. A pH-responsive polyion complex 

(PIC) nanocarrier using a positively charged poly(ethylene glycol)-b-poly[4-(2,2,6,6-

tetramethylpiperidine-1-oxyl)aminomethylstyrene] (PEG-b-PMNT) copolymer and a negatively 

charged poly(acrylic acid) (PAAc) polymer delivered two payloads to the ischemic penumbra 

region in middle cerebral artery occlusion (MCAO)-injured mice 177. The PIC nanocarrier 

releases the drugs inside the blood vessel when it reaches the acidic ischemic penumbra region. 

The nanocarrier collapses due to polyamine protonation of the PMNT segment in the acidic 

environment, releasing tPA and an antioxidant within the ischemic tissue. This pH-responsive 

nanocarrier successfully reduced infarct volume and improved locomotor function. In another 

designer example, PEG-poly(β‐amino ester) (PBAE) was used to construct a pH-responsive 

micelle 181. Under physiological pH, the PBAE segment is hydrophobic, which is on the inside of 

the micelle. The PEG is on the outside since it is hydrophilic. For the pH below 7, this pH-

responsive micelle becomes positively charged due to protonation of the amino group of the 

(PBAE) segment. In an acidic environment using the MCAO model in vivo, fluorescein-labeled 

proteins that were originally encapsulated in micelles accumulated more than fluorescein-labeled 

proteins without the micelles in ischemic tissue. The fluorescein-labeled proteins are not in the 

healthy brain tissue, demonstrating enhanced micelle uptake and subsequent protein release from 

pH-responsive micelles.  

3.5.2.2 Redox-responsive polymeric nanocarrier  
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Redox-responsive nanocarriers are increasing in popularity for intracellular drug delivery 

for diseases involving different redox potential, including cancer, ischemic stroke, and AD 182–

185. Reactive oxygen species (ROS) and reducing agents such as glutathione (GSH) regulate the 

intracellular and extracellular redox states in the body 182. GSH is the most prominent naturally 

produced antioxidant. When oxidized, two GSH molecules form a disulfide-linked GSSG dimer. 

GSH concentration then is closely related to redox potential: high intracellular GSH 

concentrations provide a reducing environment inside the cell. A typical intracellular GSH 

concentration ranges from 2-10 mmol, much higher than the GSH concentration (approximately 

2-20 umol) in the extracellular environment. Furthermore, within cancer cells, the GSH 

concentration is more than four times higher than healthy cells 183. ROS play significant roles in 

redox homeostasis and cell signaling, but their overproduction and accumulation cause oxidative 

stress 182,186. The elevated ROS levels in CNS diseases, for examples, in ischemic stroke and AD, 

could serve as targets for therapeutic delivery 184,187. Thus, the differences in redox states inside 

the body, in physiology and/or disease pathology, makes the redox-responsive nanocarrier 

suitable for targeted drugs delivery to cells or tissue with elevated ROS levels.  

Redox-responsive nanocarriers could be functionalized through redox-responsive drug-

linking chemistry. The link is fabricated using disulfide bonds which can only be cleaved under a 

reducing intracellular environment. In biological tissues, such cleavage is catalyzed by enzymes 

such as by GSH or other antioxidant biological systems like catalase and superoxide dismutase 
188. Markoutsa et al. successfully developed a redox-responsive nanocarrier by first conjugating 

NAC to the poly[(2-(pyridin-2-yldisulfanyl)-co-[poly(ethylene glycol)]] (PDA-PEG) copolymer, 

then make nanocarrier from NAC-PDA-PEG from crosslinking reaction via disulfide bonds. The 

NAC releases by disulfide bond cleavage under high cytosolic GSH concentration. These NAC 

redox-responsive nanocarriers exert both antioxidant and anti-inflammatory effects on 

lipopolysaccharide (LPS)-activated murine microglial cells in vitro, an important preclinical 

result that could lead to benefits in CNS disease treatment, like AD. Another type of NAC-

conjugated polymeric nanocarrier, hydroxyl-terminated poly(amidoamine) (PAMAM) 

dendrimers conjugated with NAC, presents an option for on demand NAC delivery189. While the 

neuroprotective and anti-inflammatory effects of dendrimer-N-acetyl cysteine (D-NAC) is 

reviewed elegantly for various brain diseases-related animal models189, this drug nanocarrier 

strategy has specifically been used to treat hypoxia in neonatal mouse brains 190, mouse retina 191, 
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and mouse models or Rett syndrome 192. Lu et al. applied an amphiphilic redox-responsive 

polymer PEG-LysB to form redox-responsive micelles for targeted AD treatment 185. They 

encapsulated a hydrophobic drug curcumin within the micelle interior compartment created by 

the LysB hydrophobic polymer segment. The micelle exterior was decorated with amyloid beta 

(Aβ) protein derived peptide (KLVFFAED). This Aβ derivative targets the receptor for advanced 

glycation end-products (RAGE) which is highly expressed on the BBB, microglia, and neurons 

in AD. The hydrophobic polymer segment degrades under elevated ROS level and the 

amphiphilic polymer then becomes more hydrophilic. As the micelles collapse due to the change 

in hydrophobicity, curcumin is released. The redox-responsive micelles can modulate the 

overactive microglia from the early AD progression phase and are neuroprotective in a 

transgenic AD mouse model.  

3.5.2.3 Hypoxia-responsive polymeric nanocarrier 

A shortage of oxygen supply around gliomas and after ischemic stroke leads to hypoxia 

in the surrounding tissue 182,193. The partial pressure of oxygen is nearly zero in ischemic stroke 

tissue and tumor, whereas the partial pressure of oxygen is 30 mmHg in healthy tissue 182. 

Hypoxic tumor tissue also exhibits a reducing and/or acidic microenvironment due to lactate 

generation through anaerobic respiration. In stroke, hypoxic ischemic environment presents 

simultaneously with oxidative environment because of the surplus of ROS. In theory, hypoxia-

responsive nanocarriers can be combined with other stimuli, i.e., redox and/or pH sensitivity, and 

designed for tumor or stroke targeted drug delivery. To create technologies targeted toward such 

an environment, researchers employ common hypoxia-responsive moieties such as 

nitroimidazoles, quinones, aliphatic and aromatic amine oxide, and azobenzene 194.  

2-Nitroimidazoles (NIs) are the most widely used moieties in designing hypoxia-

responsive nanocarriers since they are highly responsive and could convert to 2-aminoimidazoles 

(AIs) under hypoxia situations 182,195. Deng et al. developed amphiphilic micelles using the 

hypoxia-responsive copolymers poly(ethylene glycol)-block-poly(methacrylic acid-co-2-

nitroimidazole methacrylate) (PEG-b-P(MAA-co-NIMA)) to encapsulate doxorubicin (DOX), a 

hydrophobic cancer treatment drug, in the hydrophobic polymer segment 195. Under hypoxia, the 

hydrophobic NI groups transform into hydrophilic AI groups through the reducing nicotinamide 

adenine dinucleotide phosphate (NADPH) catalytic reaction. The micelles then collapse, 
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releasing DOX. In a different approach, the azo bond group renders NPs hypoxia-responsive 196. 

This hypoxia-responsive drug delivery system is composed of a hydrophobic black hole 

quencher 3 (BHQ3) containing an azo bond, conjugated to the hydrophilic carboxymethyl 

dextran (CMD) via an amide bond. The BHQ3 assembles into a hydrophobic core, loaded with 

the hydrophobic drug DOX, surrounded by a CMD hydrophilic shell. Under hypoxia conditions, 

the azo bond in BHQ3 cleaves, converting the hydrophobic BHQ3 to a hydrophilic aniline 

derivative, collapsing the NPs, and releasing the payload. The CMD-BHQ3 NPs loaded with 

Cyanine 5.5 show a higher near-infrared (NIR) fluorescence intensity in the tumor tissue of the 

tumor-bearing mice, compared to liver, lung, spleen, kidney, and heart, which demonstrates the 

effective tumor-targeting in vivo. To our best knowledge, the hypoxia-responsive concepts are 

not applied to the brain yet, but the preclinical successes of hypoxia-responsive nanocarriers for 

cancer applications shows a promising perspective for them to the future applications in the 

brain.  

3.5.2.4 Enzyme-responsive polymeric nanocarrier  

Enzyme-responsive polymeric nanocarriers could specifically release their payload at 

targeted disease locations where enzyme levels change. Enzymes, such as proteases, lipases, 

phospholipases and glycosidases, perform highly selective and specific reactions under mild, 

physiological conditions 175. In some disease states, such as in ischemic stroke, cancer and 

inflammation, certain enzyme levels are overexpressed 175,197. For example, the levels of MMPs, 

a group of endopeptidases, are elevated in the brain after ischemic stroke and during glioma 

invasion and metastasis 197,198. Engineered materials can be designed to take advantage of this 

upregulated activity to feature tunable, on demand, release where and when it is needed. 

However, the substrates may overlap with enzymes of similarly connected families, emphasizing 

the need for researchers to pay careful attention to substrate diversity and selection 182.  

Enzyme-responsive nanocarrier systems rely on enzyme-cleavable peptides. The peptide 

cleavage of the nanocarrier could reveal its functions that were previously protected and/or 

confer structural changes to it. Guo et al. successfully developed an enzyme-responsive 

nanocarrier systems that utilize size changes to better deliver payload to the ischemic stroke area 
197. The nanocarrier system decreases in size after enzymatic cleavage ( resulting in “size-

shrinkable” NPs). Size-shrinkable NPs include two PEG regions, one protease-responsive 
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peptide section, one PCL section, and a stroke targeting ligand section. Upon reaching the 

ischemic microenvironment, thrombin cleaves the protease-responsive peptide, causing NP size 

to decrease, facilitating BBB penetration. The size-shrinkable NPs had better targeting efficiency 

than nonresponsive control NPs and “size-expandable” NPs. Therapeutically, the size-shrinkable 

NPs upregulated the release of glyburide in the presence of thrombin, affording acontrolled 

release strategy. Gao et al. incorporated a MMP-2 activatable cell-penetrating peptide (ACP) 

composed of a series of 8 glutamic acid residues (E8) linked to an MMP2-cleavable PLGLAG 

sequence, followed by a series of 8 arginine (R8) residues in constructing an enzyme-responsive 

PEG-PLC nanocarrier system for glioma treatment 198. They also conjugated an angiopep-2 

ligand to their PEG-PLC nanocarrier, for crossing BBB and targeting to the glioma area. The 

angiopep-2 has high affinity for the low-density lipoprotein receptor-related protein 1 (LRP1), 

which is overexpressed on both the BBB and glioma cells. Before MMP-2 cleavage of PLGLAG 

linker, the positively charged arginine residues were protected in the blood circulation by the 

negatively charged glutamic acid residues. After reaching the glioma area, the elevated local 

MMP-2 cleaved the PLGLAG linker, allowing R8 to regain its cell penetrating function. The 

dual-targeted NPs with both ACP and angiopep-2 showed strong MMP-2 responsiveness, and 

had the highest targeting efficiency compared to single-targeted and non-targeted NPs. For NPs 

with the anticancer drug docetaxel, the dual-targeted NPs had the improved the survival rates the 

most in glioma-bearing model mice compared to other single-targeted and non-targeted NPs.  

3.6. Concluding Remarks 

Polymeric nanocarriers have several advantages in encapsulating both hydrophobic and 

hydrophilic drugs, making them promising for drug delivery to the CNS system. Their nano-

scale size and large surface-area-to-volume ratios give them great potential of 1) crossing the 

BBB and 2) locally targeting the desired area via minimally invasive intravenous administration. 

Furthermore, the methods for constructing polymeric nanocarriers are quick, simple, efficient, 

and scalable. Adding stimuli-responsive components to the polymeric nanocarriers can improve 

upon passive release methods by preventing undesired release before reaching to targeted area. 

While we have focused on polymeric nanocarriers, numerous other forms of non-polymeric 

nanoparticles are useful in understanding and treating brain disease. A more rigorous review of 
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the broad classes and applications of nanoparticles in health and disease can be found in an 

excellent text edited by Chung, Leon, and Rinaldi-Ramos 199. 

Core-shell nanocarriers are of great interest in developing better drug delivery systems 

because they allow a more controlled and sustained release of the drug in the core due to the 

additional shell layer. While challenging to synthesize as the nanoscale, the concept is common 

in the polymeric microparticle field. If you want to deliver both hydrophobic and hydrophilic 

drugs or deliver two different drugs at different release rates, adding the hydrophilic drug or the 

desired rapid release drugs to the shell layer could achieved this. The additional shell layer could 

be either polymer-based or lipid-based. For example, Tahir et al. constructed lipid polymer 

hybrid nanoparticles (LPHNPs), which have PLGA polymer cores and lecithin shells to delivery 

both hydrophobic drug doxorubicin and hydrophilic drug doxorubicin hydrochloride to the 

cancer cells in a controlled manner 200. These core-shell concepts in targeted polymeric 

nanocarriers may be a critical technology for next-generation CNS treatment.  

As mentioned in Section 3.2, sterilization is still a challenge for nanocarriers before 

transforming to the clinical settings. Building a strategy to prevent viral, bacterial, and/or fungal 

contamination into the nanoparticle itself could play a role in prolonging shelf life or minimizing 

drug or particle degradation due to high energy sterilization procedures. For instance, silver 

nanoparticles have antibacterial ability with safe toxicity in vivo 201. Thus, we could potentially 

encapsulate sliver nanoparticles inside polymeric nanocarriers, to give them self-sterilizing 

properties. Alternatively, a silver-ion immobilized film could also potentially add the self-

sterilizing properties to a drug delivery system 202. Thus, we could potentially apply the sliver 

nanoparticles inside the polymer matrix or coat nanocarriers with silver ions for clinical use. 

Other strategies can modulate the physical form of nanoparticles. For instance, modifying 

the deformability of a particle may potentially enhance vascular targeting 203. Another physical 

feature is the shape factor – creating non-spherical particles has historically been challenging at 

the nanoscale. However, sub-micron rod-shaped particles can be produced via a modified solvent 

evaporation method 204. 

Several of the recently developed strategies noted in this section “improve” upon the 

polymeric nanocarriers by adding components. This clearly adds complexity for large-scale 
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production and could potentially have safety issues both because the newly added components 

are new to the clinical setting before, or the new components could change the particle or drug 

properties 63,64. To combat this tendency, novel polymerization strategies are synthesizing 

materials that are both the carrier and drug in one component. For instance, recent work has 

demonstrated the usefulness of a thioether-based polymeric nanocarrier in attenuating ROS-

initiated damage after traumatic brain injury 205. Drug delivery developers must be cautious in 

adding more components to existing one, and only added them if they could provide necessary 

benefits to the nanocarrier performance. This goal could be rephrased as promoting the 

maximum efficacy with the minimal amount of complexity. Simple or complicated materials 

may be able to get the job done, however, the whole life cycle of synthesis, drug loading, carrier 

storage, and delivery must be taken into account. 
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Chapter 4 

Design of an Antioxidant Polymeric Nano-drug Delivery System for Ischemic 

Stroke Treatment 

4.1 Introduction 

Nanoparticles (NPs), with a size of 10-1000nm, has noticeable advantages over 

microparticles counterpart for delivering drugs for the ischemic treatment 1. Ischemic stroke is a 

leading cause of adult death and disability worldwide, and every 3.5 minutes, someone in the 

United States dies from a stroke 2. The nano size of these drug delivery system makes it suitable 

for intravenous delivery, which is more patient-friendly and easier than direct injection of 

microparticles counterpart to the brain, and could minimize invasiveness for stroke patients who 

already suffer from compromised brain function. The major challenges for delivering the drug to 

the brain via the intravenous (i.v.) route is the existence of the BBB and lack of tissue specificity. 

The nano-scale drug delivery system could overcome those challenges since it’ high surface-

area-to-volumes ratio give it ability to be engineered with functional moieties to impart the 

properties of crossing the BBB and targeting to the ischemic tissue 3.  

In this work, we are using an antioxidant NAC prodrug, BDP-NAC, to developing 

antioxidant PLGA NPs via a simple, quick, and economical nanoprecipitation technique. The 

particle size is inversely correlated with the BBB penetration efficiency, and the target sizes for 

these PLGA BDP-NAC NPs after surface modifications with targeting moieties are below 

~200nm to effectively cross the BBB 4. Zeta potential determines the stability of the NP in 

aqueous suspension. The target zeta potentials for those NPs are between -1mV and -40mV to 

avoid quick MPS uptake, serum protein aggregation and BBB disruption 4,5. However, during 

lyophilization, stresses that are produced during freezing and drying stages could damage the NP 

structure, and the size preservation after lyophilization becomes a frequent issue that 

compromises the NP quality 6,7. Sucrose is a cryo/lyoprotectant that could protect the NPs during 

both freezing and drying stages 6–9. In this work, we are using sucrose to preserve the sizes and 

quality. 

4.2 Materials and methods 
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4.2.1 PLGA nanoparticles fabrication 

First, PLGA was dissolved in acetone at a desired concentration (eg. 5mg PLGA/ml acetone). 

For PLAG BDP-NAC NPs (Figure 4-1), 10wt % BDP-NAC was added to PLGA/acetone 

solution, and then vortexed to mix the cargo well. 1ml PLGA/BDP/acetone solution was 

transferred dropwise with a gel-loading pipette tip to 3ml DI water which is stirring at 

800rpm. After 2 hours of solvent evaporation, NPs was washed by centrifuging in 10kDa 

MWCO filters at 4000 rpm for 30 mins. The wash step was repeated again with ~3ml of DI 

water. For PLGA empty MPs, no BDP-NAC was added into the PLGA/acetone solution. To 

obtain a higher mass product of NPs, the process could be upscaled. The NPs were collected 

with DI water and lyophilized for three days. The lyophilized NPs were stored at -20°C. 

 

 

 

 

 

 

 

 

 

 

4.2.2 Size and zeta potential measurement for PLGA nanoparticles 

Size distribution and zeta potential of PLGA NPs were measured on a Zetasizer Nano ZSP or 

Zetasizer Ultra. Samples were measured in DI water (without buffers) at a concentration of 

0.2mg/ml. The temperatures were set at 25 °C for the measurements. The dispersant 

refractive index and the viscosity for the measurements were set at 1.33 and 0.8872cp, 

respectively.  

Figure 4-1. Schematic of BDP-NAC PLGA NPs fabrication via nanoprecipitation 
method. Figure is not drawn to scale. Created with BioRender.com. 
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4.2.3 PLGA nanoparticles sizes preservation study 

Desired amount of sucrose (e.g. 2 w/v% of sucrose/ml NPs suspension) was added to the NPs 

suspension before lyophilization. Size distribution of PLGA NPs were measured on a 

Zetasizer Ultra after adding the sucrose and before lyophilization (Si). After lyophilization, 

reconstitute the lyophilized NPs with DI water at 0.2mg/ml. Measure the size distribution 

again (Sf). The ratio of Sf to Si (Sf/Si) characterizes how efficiently the sucrose persevering 

the size during lyophilization. Measure the size distribution again (Sf). The ratio of Sf to Si 

(Sf/Si) characterizes how efficiently the sucrose persevering the size during lyophilization. 

4.2.4 Statistical analysis 

All errors bars are the standard error of the mean. The statistical significance between two 

conditions was determined by the unpaired, two-tailed t-test. The statistical significance 

among more than two groups was determined by one-way ANOVA test. 

4.3 Results and Discussion          

4.3.1 Factors that impact PLGA NPs sizes 

Several factors that could impact PLGA NPs sizes, such as drug, stabilizer type, stabilizer 

concentration, aqueous to organic phase ratio, stirring rate, and PLGA concentration, were 

tested. In this work, we only apply the statistical tests to the sizes, not zeta potentials, because the 

target range of the zeta potentials (-1mV and -40mV) is wide that all the zeta potentials in 

Figure 4-2 to Figure 4-6 are in this target range. All the NPs in Figure 4-2 to Figure 4-5 were 

made with 50:50 0.59 inherent viscosity (IV) PLGA in a concentration of 8mg PLGA/ml acetone 

(8mg/ml). Higher IV correlates with higher molecular weight of the polymer. 

The average sizes and average zeta potentials for 8mg/ml 50:50 0.59IV without and with 

BDP-NAC are shown in Figure 4-2. No stabilizer was added for the NPs in Figure 4-2. For the 

NPs without the BDP-NAC (empty NPs), the average size is 100.6 +/- 0.2 nm and for the NPs 

with BDP-NAC, the average size is 154.6 +/- 0.7 nm. Thus, encapsulating BDP-NAC will 

increase the size at a significance level of 0.01 and there was ~50% increase in size when 

encapsulating with BDP-NAC. The zeta potentials of empty NPs and BDP-NAC NPs are -30.2 

+/- 0.3 mV and -27.3 +/- 0.5 mV, respectively, which meet the target zeta potentials criteria.   
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Figure 4-3 shows the NPs sizes and zeta potentials with two different stabilizers and 

varied stabilizer concentrations. Two stabilizers, polyoxyethylene-polyoxypropylene block 

copolymer (PF68) and poly(vinyl alcohol) (PVA) were tested in this work. The average sizes for 

0% PF68, 0.1% PF68, 0.5% PF68 and 1% PF68 are 154.6 +/- 0.7 nm, 168.3 +/- 0.3 nm, 170.4 

+/- 0.8 nm and 180.5 +/- 0.8 nm, respectively. The average sizes are 154.6 +/- 0.7 nm, 192.9 +/- 

0.5 nm, 210.7 +/- 0.8 nm and 219.7 +/- 0.7 nm for 0% PVA, 0.1% PVA, 0.5% PVA and 1% 

PVA, respectively. The p values from one-way ANOVA test for both factors, PF68 

concentration and PVA concentration, on NPs size are <0.0001, which means increasing PF68 or 

PVA concentrations will increase the size at a significance level of 0.0001. However, for the 

same stabilizer concentration, fabricating with PVA will produce a larger NP size than with 

PF68 at a significance level of 0.01. Thus, to decrease the size of PLGA NPs that’s suitable for 

delivering the drug to the brain, PF68 with lower concentration will be used (but the 

concentration may not be too low since it may lose the stability effect). Since the increase in 

sizes from 0.1% PF68 to 0.5% PF68 condition is very limited, 0.5% PF68 will be selected for the 

NPs in Figure 4-6 and Figure 4-7 to make sure the stabilizer concentration is in the effective 

working range. The average zeta potentials for 0% PF68 (0% PVA), 0.1% PF68, 0.5% PF68, 1% 

PF68, 0.1% PVA, 0.5% PVA and 1% PVA are -27.3 +/- 0.5 mV, -33.0 +/- 0.3 mV, -32.3 +/- 0.2 

Figure 4-2. Drug effect on PLGA NPs size. (A) Average sizes of PLGA NPs without and 
with BDP-NAC. (B) Average zeta potentials of PLGA NPs without and with BDP-NAC. 
** represents p<0.01 between two conditions from unpaired, two-tailed t-test 

(A)  (B) 
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mV, -30.7 +/- 0.1 mV, -23.1 +/- 0.3 mV, -21.6 +/- 0.4 mV and -21.5 +/- 0.1 mV, respectively, 

which are all in the target zeta potential range. 

 

 

 

 

 

 

 

 

 

In this work, we also tested the effects of stirring rate and aqueous to organic phase 

volume ratio on the NPs sizes (Figure 4-4 and Figure 4-5). In Figure 4-4, the average size for 

BDP-NAC PLGA NPs with a stirring rate of 800rpm during fabrication is 154.6 +/- 0.7 nm and 

the average size with increased rpm (1200rpm) is 154.6 +/- 0.5 nm. Thus, there is no statistically 

significant difference between 800rpm and 1200rpm BDP-NAC PLGA NPs, which means 

800rpm stirring rate is high enough for NPs fabrication process. The average zeta potentials of 

800rpm BDP-NAC PLGA NPs (27.3 +/- 0.5 mV) and 1200rpm BDP-NAC PLGA NPs (-26.7 +/- 

0.3 mV) are both in target zeta potential range.  

For BDP-NAC PLGA NPs in Figure 4-5, the average sizes are 204.9 +/- 0.5 nm, 202.6 

+/- 0.5 nm and 209.6 +/- 0.5 nm for 4:1 aqueous: organic ratio, 3:1 aqueous: organic ratio and 

2:1 aqueous: organic ratio, respectively. Although there are differences in sizes between different 

aqueous to organic volume ratio at a significance level of 0.01, the effect of aqueous to organic 

volume ratio on NP size is limited. Furthermore, the average size for 3:1 aqueous: organic ratio 

BDP-NAC PLGA NPs is smallest, we will keep the 3:1 aqueous to organic volume ratio for the 

NP fabrication. The average zeta potentials of BDP-NAC PLGA NPs with 4:1 aqueous: organic 

(A)  (B) 

Figure 4-3. The effects of stabilizer type and stabilizer concentration on PLGA NPs sizes. 
(A) Average sizes of BDP-NAC PLGA NPs with PF68 and PVA with varied stabilizers 
concentrations. (B) Average zeta potentials of BDP-NAC PLGA NPs with PF68 and PVA 
with varied stabilizers concentrations. ** represents p<0.01 between two conditions from 
unpaired, two-tailed t-test 
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ratio (-20.4 +/- 0.2 mV), 3:1 aqueous: organic ratio (-16.9 +/- 0.1 mV) and 2:1 aqueous: organic 

ratio (-24.0 +/- 0.2 mV) are all in the target range of zeta potential.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Increasing the molecular weight of PLGA increases the viscosity of the organic phase, 

which is prone to produce larger NPs. Thus, we selected the PLGA with a low IV (Polymer IV is 

positively related to polymer molecular weight), 0.20IV, for studying the effect of PLGA 

(A)  (B) 

Figure 4-4. The effect of stirring rate on PLGA NPs size. (A) Average sizes of BDP-NAC 
PLGA NPs with 800rpm and 1200rpm stirring rates during fabrication. (B) Average zeta 
potentials of BDP-NAC PLGA NPs with 800rpm and 1200rpm stirring rates during fabrication. 
ns represents there is not a statistically significant difference between the two conditions from 
unpaired, two-tailed t-test 

(A)  (B) 

Figure 4-5. The effect of aqueous to organic ratio on PLGA NPs size. (A) Average sizes of 
BDP-NAC PLGA NPs with varied aqueous to organic volume ratio. (B) Average zeta 
potentials of BDP-NAC PLGA NPs with varied aqueous to organic volume ratio. ** represents 
p<0.01 between two conditions from unpaired, two-tailed t-test 



82 
 

 
 

concentration (in acetone) on NPs size while controlling the NP size. From Figure 4-6, 

decreasing the PLGA concentration decreases the NPs size in a linear fashion. The smallest 

untargeted BDP-NAC loaded PLGA NPs fabricated were 106.5 +/- 0.4 nm using 50:50 0.20IV 

with a PLGA concentration of 1.5mg/ml. This small size provides the potential to further modify 

the NP surface to give targeting functionality. The average sizes for 6mg/ml, 4mg/ml, 3mg/ml 

and 2mg/ml are 158.3 +/- 0.8 nm, 138.1 +/- 0.3 nm, 128.3 +/- 0.2 nm and 117.1 +/- 0.4 nm, 

respectively. The average zeta potentials of BDP-NAC in Figure 4-6 with 6mg/ml (-34.3 +/- 0.2 

mV), 4mg/ml (-30.0 +/- 0.3 mV), 3mg/ml (-33.6 +/- 0.4 mV), 2mg/ml (-29.9 +/- 0.5 mV) and 

1.5mg/ml (-33.1 +/- 0.3 mV) all met the zeta potential requirements. 

 

 

 

 

 

 

 

 

 

 

Figure 4-7 shows the stabilities of the NPs in Figure 4-6 in DI water in 37°C water bath. 

All the BDP-NAC PLGA NPs except the 4mg/ml NPs could be stabilized in DI water for up to 

or over a week. The 4mg/ml BDP-NAC PLGA NPs were stabilized until 5 days, but from 5-day 

to 7-day data points, the average size increased from 139.0 +/- 0.4 nm to 156.0 +/- 2.7 nm. This 

may be due to the batch-to-batch variabilities. Thus, the stability test of NP needs to be done 

before further modifications.  

 

Figure 4-6. The effect of PLGA concentration on PLGA NPs size.  
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4.3.2 Adding sucrose for persevering the NP size after lyophilization 

 0 w/v% 

sucrose 

1 w/v% 

sucrose 

2 w/v% 

sucrose 

5 w/v% 

sucrose 

10 w/v% 

sucrose 

Size before 

lyophilization 

(nm) 

96.91 +/- 

0.45 

98.43 +/- 

0.67 

101.0 +/- 

0.2 

 

93.52 +/- 

0.10 

98.92 +/- 

0.42 

Size after 

lyophilization 

(nm) 

124.6 +/- 

0.5 

121.4 +/- 

1.1 

108.6 +/- 

0.5 

99.49 +/- 

0.30 

103.7 +/- 

0.6 

Sf/Si 1.285 1.233 1.075 1.064 1.048 

 

 

From Table 4-1, for the empty NPs without adding sucrose, the size changed from 96.91 

+/- 0.45 nm to 124.6 +/- 0.5 nm and the ratio of the size after lyophilization to the size before 

lyophilization (Sf/Si) is 1.285. The ideal value for the Sf/Si is close to 1. Adding the sucrose with 

a concentration equal to or higher than 2 w/v% before lyophilization could perverse the size 

effectively. However, from experimental practices, adding sucrose with a high concentration 

Figure 4-7. The stability tests of the BDP-NAC PLGA NPs with 
varied PLGA concentration.  

Table 4-1. The size preservation effect of sucrose on 5mg/ml 50:50 
0.66IV PLGA empty NPs.   
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could result in a collapsed cake, which is generally not acceptable. Thus, there is a trade-off 

between size preservation effect and avoiding collapsed cake when considering the desired 

concentration of sucrose added to the system. It is worth to noted that the yields of the NPs in 

Table 4-1 are >100% (Table C-1), which probably due to the excipients added during the 

fabrication processes. 

4.4 Conclusions and Future Work  

In this work, we investigated several factors that could affect NP size. Encapsulating the 

BDP-NAC will increase the size by ~1.5 times of the empty NPs. Adding PVA during the 

fabrication produces larger NP than adding PF68, and the size is increased with a higher 

stabilizer concentration for both PVA and PF68 conditions. There is no significant difference 

between the NPs that have a stirring rate of 800rpm and 1200rpm during fabrication, meaning 

that 800rpm is suitable for the fabrication. Although there is a size difference with varied 

aqueous to organic phase volume, the effect of aqueous to organic ratio is limited to the NP size. 

Decreasing the PLGA concentration could reduce the NP size in a liner manner, and the smallest 

BDP-NAC PLGA NPs we could get had an average size of 106.5 +/- 0.4 nm, fabricated with 

1.5mg/ml 50:50 0.20IV PLGA. All the NPs in Figure 4-6 except the one with 4mg/ml PLGA 

concentration passed the one-week (up to or more than 7 days) stability tests. All the NPs in 

Chapter 4 met the zeta potential requirements of NPs for brain delivery. Adding the sucrose with 

desired concentration (>= 2 w/v% based on Table 4-1) to the system before the lyophilization 

could protect the NPs from the stresses produced during freeze-drying process.  

The future direction of this work is to develop a nano-drug delivery system modifying its 

surface with two types of targeting ligands, one for penetrating the BBB via receptor-mediated 

transcytosis and one for delivering specifically to the infarct site by targeting ischemic 

microenvironment, to rehabilitate the stroke victims. To impart the property of crossing the BBB, 

NPs will be coated with the surfactant polysorbate 80 (Figure 4-8). Polysorbate 80 can adsorb 

apolipoprotein E/B, the serum proteins, from the blood, and then bind to the low density 

lipoprotein receptor (LDLR) that is over-expressed on the BBB. As a result, the polysorbate 80-

coated nanoparticles can cross the BBB through LDL receptor-mediated transcytosis 4,10,11. Since 

polysorbate 80 is a surfactant, it is easily incorporated onto the NPs to impart the property of 
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crossing the BBB. Polysorbate 80 will be added into the oil phase during nanoprecipitation to 

allow it to adsorb onto the surface of PLGA NPs 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

After crossing the BBB, the antioxidants need to be delivered specifically to the infarct site 
without accumulating in healthy tissue. To reach this goal, we will conjugate a stroke-homing 
peptide with the sequence of Cys-Leu-Glu-Val-Ser-Arg-Lys-Asn-Cys (CLEVSRKNC) to our 
antioxidant NPs. CLEVSRKNC has a high binding specificity and affinity to apoptotic neuronal 
cells at the penumbra region, where the cells are ischemic but still potentially salvageable 12. The 
stroke-homing peptide CLEVSRKNC will be conjugated to PLGA NPs through EDC/Sulfo-
NHS coupling reaction. EDC is a widely used zero-length crosslinker which can form the amide 
bond between CLEVSRKNC peptide and the carboxylate group of PLGA without inserting a 
linking group, and adding the Sulfo-NHS to the coupling reaction increases the solubility and 
stability of the active immediate that reacts with the primary amine. By incorporating these two 
types of targeting ligands, one for penetrating the BBB via receptor-mediated transcytosis and 
one for delivering specifically to the infarct site, this work aims to design a dual-targeted nano-
drug delivery system with temporal and spatial control over the release of antioxidant drugs to 
efficiently and non-invasively treat ischemic stroke. 

Figure 4-8. Schematic of BDP-NAC PLGA NPs that have been surface modified 
with two targeting moieties. Created with BioRender.com. 
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Appendix A Chapter 1 supplementary material  

1. PLGA BDP-NAC core-shell microparticle fabrication protocol (use 2:1 PLGA:PLLA, 20 

wt% PLGA, 900rpm PLGA BDP-NAC MPs in Figure 1-1 as an example) 

1. Dissolve 50:50 fluorescent PLGA-FL (Mn 20,000-40,000 Da and 50:50 1.15 IV PLGA in 

0.5ml of DCM at a total concentration of 200mg/ml in a glass test tube. The ratio of 

regular PLGA to fluorescent PLGA-FL is 24:1 

2. Dissolve fluorescent PLLA-FPR648 (Mw~40,000Da) and 100:0 1.16 IV PLGA in 

0.25ml of DCM at a total concentration of 200mg/ml in another glass test tube. The ratio 

of regular PLLA to fluorescent PLLA-FPR648 is 24:1 

3. Wait the PLGA and PLLA solutions to be fully dissolved 

4. Prepare >76.5ml of 0.5% PVA, and stir 75ml of 0.5% PVA in a 400ml beaker at 900rpm 

with a ~5cm pill-shaped stir bar on a stir plate 

5. Add 10wt% BDP-NAC to the PLLA solution, and dissolve the BDP-NAC by sonication 

6. Transfer PLGA solution to PLLA/BDP-NAC solution with Pasteur pipette, to form O/O 

emulsion, sonicate 20 sec twice, with a 10-sec break, on ice at 90% amplitude 

7. Slowly add 1.5ml of 0.5% PVA to O/O emulsion along the wall, sonicate 20 sec twice on 

ice with a 10-sec break at 90% amplitude to form O/O/W emulsion 

8. Pour the O/O/W emulsion into the center of 75ml stirring 0.5% PVA solution, wait 4 

hours for solvent evaporation 

9. Collect the MPs suspension in 50ml conical tubes, centrifuge them for 5 mins at 

10000rpm and 4°C to wash the MPs, discard the supernatant 

10. Vortex to resuspend the MPs with 40ml DI water, and centrifuge again at 10000rpm and 

4°C for 5mins, discard the supernatant 

11. Repeat the wash step one more time, and discard the supernatant   

12. Add 10ml DI water and vortex to resuspend the MPs 

13. For the further usage, freeze the MPs suspension overnight at -80°C, lyophilize the MPs 

for three days and store the lyophilized MPs at -20°C for long-term storage.  
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Appendix B Chapter 2 supplementary material  

1. PLGA NAC microparticle fabrication protocol (use 50:50 0.55-0.75IV PLGA NAC MPs in 

Figure 2-1 as an example) 

1. Dissolve 50:50 0.55-0.75IV PLGA in 2ml acetone at 150mg PLGA/ml acetone 

concentration in a glass test tube, wait for it to be fully dissolved 

2. Prepare >100ul NAC in DI water at 100mg/ml, 3ml of 3.33% NAC/ml 1% PVA and 

75ml of stirring 5% NAC/ml 0.3% PVA solutions 

3. Stir the 75ml of stirring 5% NAC/ml 0.3% PVA solution in a 400ml beaker at 300rpm on 

a stir plate with a ~5cm pill-shaped stir bar 

4. Add 100ul NAC/DI water solution to PLGA solution in dropwise, sonicate 10 sec on ice 

at 90% amplitude twice, with a 10-break in between to form W/O emulsion 

5. Slowly add the 3ml of 3.33% NAC/ml 1% PVA solution to the formed W/O emulsion 

along the wall, sonicate 10 sec on ice twice, with a 10-sec break, at 90% amplitude to for, 

W/O/W emulsion 

6. Pour the W/O/W emulsion into the center of 75ml stirring 5% NAC/ml 0.3% PVA 

solution, stir 4 hours for solvent evaporation 

7. Prepare >60ml of 2.5% NAC/ml DI water for washing steps 

8. Collect the MPs in 50ml conical tubes, centrifuge them at 10000rpm for 5 mins at 4°C to 

wash the MPs, discard the supernatant 

9. Add 30ml of 2.5% NAC/ml DI water to resuspend the MPs, and centrifuge again at 

10000rpm and 4°C for 5 mins, discard the supernatant 

10. Repeat the wash step one more time, and discard the supernatant   

11. Add 10ml DI water to resuspend the MPs 

12. For long-term storage and further usage, freeze the MPs suspension at -80°C overnight, 

lyophilize the MPs for three days and store the dry MPs at -20°C 
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Appendix C Chapter 4 supplementary material  

1. PLGA BDP-NAC nanoparticles fabrication protocol (use 1.5mg/ml 50:50 0.20IV PLGA 

BDP-NAC MPs in Figure 4-6 as an example) 

1. Dissolve 50:50 0.20IV PLGA in 10ml acetone at 1.5mg PLGA/ml acetone concentration, 

wait for it to be fully dissolved 

2. Add 1.5mg BDP-NAC to PLGA/acetone solution, mix it well by vertexing  

3. Prepare 30ml of 0.5% PF68 in DI water in a 400ml beaker, make sure there is no bubble 

in it 

4. Stir the PF68 solution at a stirring rate of 800rpm with cross-shaped stir bar on a stir plate  

5. Transfer 10ml of PLGA/BDP-NAC/acetone solution dropwise with a gel-loading pipette 

tip to the 30ml stirring PF68 solution 

6. Wait 2 hours for solvent evaporation 

7. Collect the NPs in 10kDa MWCO filters, centrifuge them at 4000rpm for 30mins to wash 

the NPs, discard the filtration waste  

8. Repeat the wash step with ~10ml of DI water in each 10kDa MWCO filters 

9. Collect the NPs in DI water for further analysis 

Note: if the NPs is needed for long storage, lyophilize the NPs for three days and store at -

20°C 

This protocol is developed from Day Lab University of Delaware. 

2.  Yields of the MPs in Table 4-1 

 0 w/v% 

sucrose 

1 w/v% 

sucrose 

2 w/v% 

sucrose 

5 w/v% 

sucrose 

10 w/v% 

sucrose 

Initial mass (mg) 50 90.37 130.05 200.36 350.06 

Initial mass (mg) 136.31 179.95 220.30 244.38 390.46 

Yield (%) 272.62 199.13 169.40 121.97 111.54 

 
Table C-1.  The 5mg/ml 50:50 0.66IV PLGA empty NPs yields after lyophilization.   


